Multivalency in the interaction of biological polymers by Reiter-Scherer, Valentin D.
Multivalency in the interaction of biological
polymers
Dissertation
zur Erlangung des akademischen Grades
doctor rerum naturalium
(Dr. rer. nat.)
im Fach Physik
Spezialisierung: Experimentalphysik
eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat
Humboldt-Universitat zu Berlin
von
Dipl.-Phys. Valentin D. Reiter-Scherer
Prasidentin der Humboldt-Universitat zu Berlin:
Prof. Dr.-Ing. Dr. Sabine Kunst
Dekan der Mathematisch-Naturwissenschaftlichen Fakultat:
Prof. Dr. Elmar Kulke
Gutachter: 1. Prof. Dr. Jurgen P. Rabe
2. Prof. Dr. Andreas Herrmann
3. Prof. Dr. Dario Anselmetti
Tag der mundlichen Prufung: 3. August 2020

Abstract
Multivalency is ubiquitous in biophysical and biochemical processes, referring to the simulta-
neous interaction of several interaction partners, which may result either in an enhancement or
an attenuation of the eect of the individual interactions. Proteins, such as the transmembrane
proteins of the inuenza virus hemagglutinin and neuraminidase, are a highly interesting class
of biological polymers that fulll many biologically relevant functions, such as cell signaling,
by forming highly specic bonds with other proteins or ligands.
This thesis focuses on studying multivalent interactions between hemagglutinin as well
as neuraminidase and the cellular ligand sialic acid by using scanning probe techniques, i.e.
scanning force microscopy and single molecule force spectroscopy (SMFS). Unbinding forces
as well as dissociation and association kinetics together with the free energy landscapes of
two mayor inuenza virus proteins of two dierent viral strains, namely the pandemic strains
A/California/04/2009pdm (H1N1) and A/Aichi/2/1968 (H3N2), were, to the best knowledge
for the rst time, individually quantied on the single molecule level using SMFS. To this
extent, monovalent and multivalent sialic acid displaying ligands, termed SAPEGLA and
dPGSA, were employed.
Surprisingly, the experimental force spectra did not show the log-linear trend predicted
by the classical Kramers-Bell-Evans model. To account for these deviations, the more recent
Friddle-Noy-De Yoreo model was successfully applied.
It was expected that the bond strength of a cluster of SAPEGLA bound to proteins
increases with the number of bonds in the cluster and that dPGSA binds to hemagglutinin
with higher thermal stability than SAPEGLA, since its functional moiety had been specically
designed as a multivalent inhibitor of hemagglutinin. It was also presumed that the unbinding
forces of hemagglutinin and neuraminidase are similar, since viral tness depends on a
precisely tuned balance of the fusogenic activity of hemagglutinin and the enzymatic activity
of neuraminidase, which cleaves sialic acid, but subtle dierences exist between viral strains.
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The dissociation rate of neuraminidase was anticipated to be in the range of the enzymatic
activity.
It was revealed that, despite similar unbinding forces, neuraminidase forms a more stable
bond with sialic acid than hemagglutinin which holds true for both viral strains, and dissociates
three to seven times slower. It is reasoned that the higher stability compensates for the
lesser amount of neuraminidase compared to hemagglutinin that is typically found on the
viral envelope. The unbinding forces of the cluster of monovalent ligands increased gradually
with the number of bonds in the cluster and the dissociation kinetics follow the theoretically
predicted trend.
The dissociation rate of neuraminidase was found to be about six times higher than its
catalytic rate. It is concluded that multiple bonds are needed for cleavage of sialic acid.
Interestingly, the dissociation rate of N1 neuraminidase is on the same order as that of
H3 hemagglutinin. It is suggested that these similarities between the two strains favor the
transmissibility of the inuenza virus.
Furthermore, it is shown that the thermal stability of the bond between dPGSA and
hemagglutinin is indeed higher that between SAPEG and hemagglutinin and that it is in the
range of three to four SAPEGLA bonds. Such an enhancement of thermal stability could not
be observed for the binding of neuraminidase. It is concluded that dPGSA binds specically to
hemagglutinin and that the binding strength of a multivalent ligand architecture depends not
only on the degree of valency but also on the receptor specic presentation of the functional
moieties.
By testing the probability of detecting specic binding events, this thesis also shows that
SMFS could be used as a tool to screen antiviral inhibitors in competitive binding assays,
which may contribute insight into the design of antiviral inhibitors on the single molecule
level.
Keywords: Biophysics, Scanning Force Microscopy, Force Spectroscopy, Single
Molecules, Multivalency, Cooperativity, Virus Inhibition
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Zusammenfassung
Multivalenz ist in biophysikalischen und biochemischen Prozessen allgegenwartig und bezieht
sich auf das Zusammenwirken mehrerer Interaktionspartner, wobei es sowohl zu kooperativer
Verstarkung wie kompetitiver Abschwachung kommen kann. Proteine, wie die Transmembran-
proteine des Inuenzavirus Hamagglutinin und Neuraminidase, sind eine hochinteressante
Klasse von biologischen Polymeren, die viele biologisch relevante Funktionen wie die Sig-
nalubertragung von Zellen erfullen, indem sie hochspezische Bindungen mit anderen Proteinen
oder Liganden eingehen.
Diese Dissertation konzentriert sich auf die Untersuchung multivalenter Wechselwirkun-
gen zwischen Hamagglutinin sowie Neuraminidase und dem zellularen Liganden Sialinsaure
unter Verwendung von Rastersondenverfahren, d. h. Rasterkraftmikroskopie und Einzel-
molekulkraftspektroskopie (SMFS). Bindungskrafte sowie Dissoziations- und Assoziationsk-
inetiken, zusammen mit den intermolekularen Potentiallandschaften zweier Inuenzavirus-
Proteine zweier verschiedener Virusstamme, namlich der pandemischen Stamme A / California
/ 04 / 2009pdm (H1N1) sowie A / Aichi / 2/1968 (H3N2), wurden, nach bestem Wissen
erstmalig, separat auf Einzelmolekulebene mittels SMFS quantiziert. Zu diesem Zweck wur-
den mono- und multivalente Sialinsaureliganden, die als SAPEGLA und dPGSA bezeichnet
wurden, eingesetzt.
Uberraschenderweise zeigten die experimentellen Kraftspektren nicht das vom klassis-
chen Kramers-Bell-Evans-Modell vorhergesagte logarithmisch-lineare Verhalten. Um diese
Abweichung zu berucksichtigen wurde das neuere Friddle-Noy|De Yoreo-Model erfolgreich
angewandt.
Es wurde erwartet, dass die Bindungsstarke eines an Proteine gebundenen SAPEGLA-
Clusters mit der Anzahl der Bindungen im Cluster zunimmt und dass dPGSA mit einer
hoheren thermischen Stabilitat als SAPEGLA an Hamagglutinin bindet, da seine funktionelle
Einheit als multivalenter, Hamagglutinin-spezischer Inhibitor entwickelt wurde. Ebenso
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wurde vermutet, dass die Bindungskrafte von Hamagglutinin und Neuraminidase ahnlich sind,
da die virale Fitness von einem genau abgestimmten Gleichgewicht zwischen der fusogenen
Aktivitat von Hamagglutinin und der enzymatischen Aktivitat von Neuraminidase, welche
Sialinsaure spaltet, abhangt, wobei jedoch subtile Unterschiede zwischen den Virusstammen
bestehen. Es wurde erwartet, dass die Dissoziationsrate von Neuraminidase im Bereich der
enzymatischen Aktivitat liegt.
Es zeigte sich ungeachtet der untersuchten Virusstamme, dass Neuraminidase trotz
ahnlicher Bindungskrafte eine stabilere Bindung mit Sialinsaure eingeht als Hamagglutinin und
drei- bis siebenmal langsamer dissoziiert. Es wird vermutet, dass die hohere Stabilitat die gerin-
gere Oberachendichte von Neuraminidase auf der Virushulle im Vergleich zu Hamagglutinin
ausgleicht. Die Bindungskrafte des Clusters monovalenter Liganden nehmen mit der Anzahl
der Bindungen im Cluster allmahlich zu und die Dissoziationskinetik folgt dem theoretisch
vorhergesagten Trend. Es wurde festgestellt, dass die Dissoziationsrate der Neuramini-
dase etwa 6-mal hoher ist als ihre katalytische Rate. Daraus wird geschlussfolgert, dass
Mehrfachbindungen zur Spaltung von Sialinsaure erforderlich sind. Interessanterweise liegt
die Dissoziationsrate von Neuraminidase (H1N1) in der gleichen Groenordnung wie die
von Hamagglutinin (H3N2) und es wird vermutet, dass diese Ahnlichkeiten zwischen den
beiden Stammen die Ubertragbarkeit des Inuenzavirus begunstigen. Daruber hinaus wird
gezeigt, dass die thermische Stabilitat der Bindung zwischen dPGSA und Hamagglutinin
tatsachlich hoher ist als zwischen SAPEGLA und Hamagglutinin und im Bereich von drei bis
vier SAPEGLA-Bindungen liegt. Eine solche Steigerung der thermischen Stabilitat konnte
fur die Bindung von Neuraminidase nicht beobachtet werden. Daraus wird abgeleitet, dass
dPGSA spezisch an Hamagglutinin bindet und dass die Bindungsstarke einer multivalenten
Ligandenarchitektur nicht nur vom Grad der Valenz, sondern auch von der rezeptorspezischen
Prasentation der funktionellen Einheiten abhangt.
Die in dieser Arbeit prasentierten Untersuchungen von Bindingswahrscheinlichkeiten
verschiedenenr Kombinationen aus Proteinen und Liganden zeigen, dass SMFS zum Screening
von antiviralen Inhibitoren in kompetitiven Inhibitonssassays verwendet werden kann und
moglicherweise einen Zugang zum Design von antiviralen Inhibitoren auf Einzelmolekulebene
liefern kann.
Schlagworter: Biophysik, Rasterkraftmikroskopie, Kraftspektroskopie, Makro-
molekule, Multivalenz, Kooperativitat, Virus Inhibition
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Chapter 1
Introduction
Biological polymers are ubiquitous constituents of all living matter. The term \polymer"
encompasses an incredibly large class of materials that originate from synthetic as
well as biological sources. Generally, it refers to macromolecular compounds built
from individual subunits termed monomers. These monomers are covalently linked
in the polymerization process and become the repeating units of the nal polymer.
In this sense, biological polymers, or biopolymers, are dened as \macromolecules
formed by living organisms" [1] or alternatively as \substances composed of one type of
biomacromolecule" [2].
Biological polymers can be subdivided into three classes based on the specic
monomer or biomacromolecule. These classes are the polynucleotides, built from nu-
cleotides, the polysaccharides, built from carbohydrates and the polypeptides, built
from amino acids [3]. Polynucleotides, such as ribonucleic acid (RNA) and deoxyri-
bonucleic acid (DNA), store the genetic code of an organism, required for reproduction.
Polysaccharides, such as cellulose, provide structural stability and serve as a source of
energy. Polypeptides fulll various functions such as transportation or signaling [4].
Large polypeptides are referred to as proteins. Protein sizes vary from 50 to more
than 30.000 amino acids [5, 6]. In suitable solution, the amino acid sequence of the
protein folds into a three dimensional structure that enables proper function [7, 8, 9].
In particular, proteins contribute to cell mobility, transportation of metabolites, ion
pumping and intermolecular recognition [10, 11, 12, 13].
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Biophysical functions of biological polymers are governed by multivalent interactions,
that are very often the result of an interplay of a multitude of dierent individual non-
covalent molecular bonds, that cannot be described by the simple sum of the component
bonds [14]. These interactions are typically highly dynamic and are governed by various
forces such as shear stress, Van der Waals or Coulomb forces. While the non-covalent
individual bonds are, in most cases, rather weak, the complex ensemble can increase the
binding strength and therefore provide the base for the selection of useful combinations
of receptors and ligands [15].
A common macroscopic example of such a strengthening through multivalency is
the Arctium, which uses multivalent adhesion for seed dispersal [15]. The seed carrying
burs of this plant are outtted with dozens of tiny hooks that can snag to loops in the
fur of animals or clothes. While the strength of a single hook-loop connection is weak,
the combined strength of many connections ensures a strong binding. Once the burs
have rmly attached to a carrier, they can get transported over large distances before
they are stripped o. In this way the plant can spread its seeds over large areas.
A prominent example of multivalency in the biomolecular world is the interaction of
enveloped viruses, such as the human immunodeciency virus (HIV) or the inuenza
virus (IV), with host cells or antibodies. These viruses replicate by inserting their
genome into host cells, where the viral RNA is copied and new virions are formed and
released into the host. Once the virus has entered the host, the primary step required for
replication is the attachment of the virion to the membrane of suitable host cells. This
attachment is mediated by proteins present in the viral envelope. The proteins bind to
cellular receptors and can initialize cell entry. Similar to the single hook-loop connection
of the Arctium, a single protein-receptor bond is weak and will dissociate almost
immediately due to thermal uctuations and viscous shear forces. Therefore, to ensure
sucient residence time on the host cell membrane to become incorporated, the virus
relies on multivalent binding of several individual proteins [16, 17, 18, 19]. Consequently,
antibodies can bind to the virions using the same mechanism and annihilate the viral
threat. The high degree of specicity of the multivalent protein-receptor interaction is
also used in the design and development of antiviral drugs and inhibitors [20, 21, 22].
Despite continuous eorts and achievements in the eld of viral research, viral infections
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still pose a permanent threat to human health and prosperity. One of the major
diculties encountered when dealing with viral infections are the continuous mutations
of the viral proteins involved in cell adhesion. These mutations can favor infectivity and
transmissibility while simultaneously increasing drug resistance. Due to this complex
behavior of a multitude of individual interactions, viral proteins represent an excellent
example to study the multivalent interactions of biological polymers.
During the past decades an enormous eort has been undertaken to study the
behavior and interactions of biomacromolecules and biological polymers. Insight in
purpose and function of biological polymers was gained through uorescence microscopy,
nuclear magnetic resonance (NMR) spectroscopy, calorimetry experiments and binding
assay studies, among other techniques [23, 24, 25, 26, 27, 28, 29, 30, 31]. These techniques
typically provide ensemble-averaged information. Yet, despite such achievements, a full
understanding of biomolecular interactions prots substantially from the knowledge of
the involved forces on the single molecule level [32, 33, 34]. The nature of these forces
can be hydrogen bonds, Van der Waals, Coulomb, hydrophobic, hydrophilic or capillary
forces [35, 36, 37, 38].
About 30 years ago the toolbox for studying molecular phenomena was extended
by the invention of the scanning force microscope (SFM) [39]. Originally conceived
to reveal the topographies of non-conducting surfaces, the SFM quickly developed
into a multifunctional tool that allows the measurement of mechanical and chemical
properties, as well as intermolecular forces with unprecedented precision at high spatial
resolution of a few nanometers [40]. The determination of these forces through SFM
based single molecule force spectroscopy (SMFS) enables research of biomolecular
interactions of biological polymers in their native environment on the single molecule
level [41]. The forces required to rupture individual bonds provide the key to unveil the
energy landscapes that govern the bonds between receptors and ligands, and thereby
determine the stability of a certain receptor-ligand pair as well the rate of its dissociation
[42]. Therefore, for a better understanding of the various ways of interaction between
biological polymers, it is of vital importance to probe such energy landscapes [43].
Revealing those can shed light on the mechanics of dissociation of interacting biological
polymers, as intermediate states, and dierent unbinding pathways can be determined.
3
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In this sense SMFS could also be used for screening of new antibiotics and antivirals
[44].
This thesis focuses on studying the multivalent nature of the interactions between
biological polymers by means of SFM and SMFS. The scope of this work will be the
interactions of the inuenza virus proteins hemagglutinin (HA) and neuraminidase (NA)
with their cellular receptor sialic acid (SA), because of their importance for antiviral
research. The thesis will address the question, whether the binding of HA and NA
to SA can be characterized on the single molecule level. It will be analyzed in which
way the bond between HA and SA is dierent from the bond between NA and SA
and how the kinetics of the bonds are aected by the valency. To this extent two SA
displaying architectures were utilized that are referred to as SAPEGLA and dPGSA.
The monovalent SAPEGLA was employed to study the kinetics of uncorrelated parallel
bonds while the multivalent dPGSA was employed to observe true multivalency of
correlated bonds. Dierences in the binding and the energy landscapes of HA and NA
of two dierent strains of IV, namely the pandemic strains A/California/04/2009pdm
and A/Aichi/2/1968 (H3N2), will be discussed together with the biological relevance of
the ndings for viral tness.
The thesis is organized as follows: In chapter 2 biological polymers and the viral
proteins HA and NA will be introduced as examples of such. Also the concepts
of multivalency, SFM and SMFS will be illustrated. Chapter 3 will describe the
experimental procedures in detail. Chapter 4 will present the results, starting with
the visualization of virions and viral proteins through SFM imaging. Furthermore, the
force spectra of the intermolecular bonds between SA and the two major proteins of
the IV, HA and NA, will be presented. The multivalent and dynamic interactions will
be characterized with the related kinetic parameters. These kinetic parameters include
the dissociation rate, the potential energy landscapes and the dissociation constant.
Additionally, the implications of the ndings on the transmissibility and infectivity will
be discussed. Finally, chapter 5 will provide the conclusions and give a perspective for
future research.
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Chapter 2
Fundamentals
This chapter will introduce the principles of multivalency as well as biological poly-
mers. In addition, the basic concepts of the applied techniques, namely scanning force
microscopy (SFM) and single molecule force spectroscopy (SMFS), will be illustrated.
2.1 The Principle of Multivalency
Multivalency is ubiquitous in nature [45]. It is found in the interaction of small molecules
that consist of only a few atoms, but also in large and complex structures, such as
single cells or whole organisms [46].
In principle, the term multivalency refers to the combined interaction of more than
one pair of interaction partners (Figure 2.1) [15]. Hereby, the total strength of the
multivalently bound complex is not necessarily increased by combining the individual
interactions but rather is inuenced by the binding enthalpy that enhances binding
and the loss in congurational entropy that inhibits binding [47]. This phenomenon
is referred to as enthalpy-entropy compensation [48]. The paired interaction partners
can work cooperatively together towards an increase of their individual eects, but
their actions can also oppose each other, which will cause a weakening of the combined
interactions [49]. This ambiguity is used by many chemical and biological processes to
achieve a high level of specicity and selectivity [15, 50].
An example of these highly specic interactions are the various functions of proteins
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Figure 2.1 { Conceptual sketch of multivalency: The dierent binding modes of
ligand-receptor pairs are schematically shown. In a), the simplest conformation, mono-
valent binding, is shown. A single receptor is bound to a single ligand. In b), bivalent
binding between two coupled receptors and two coupled ligands is shown. On the left, the
spacing of the receptor coupling matches the coupling of the ligands. This will most likely
result in higher bond strength. On the right side, the spacing does not match and hence
the bond formation might be hindered. In c), the multivalent conformation of N receptors
that are bound to N ligands is shown.
[51]. Already in a single protein, multivalency is essential, since the protein will only be
functional if it is folded into the proper tertiary structure [52]. The information that
is contained in the sequence of amino acids, is not sucient. In order to stabilize the
folded structure, the protein relies on multivalent interactions between several amino
acids that are mostly of hydrophobic nature [9]. Proteins often work by refolding and
changing their tertiary structure. The refolding requires, that bonds that stabilize the
folded structure are reversible and dissociate reasonably fast [53]. An advantage of
multivalency is that a strong and stable connection can emerge as a result of several
bonds that are individually much weaker than the absolute strength of the nal complex.
This property enables proteins to quickly break the stabilizing bonds and fold into new
shapes.
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2.2 Proteins as Examples of Biological Polymers
The term biological polymer, or biopolymer, refers to a broad class of materials of
various origin and function and can be man-made or of natural origin. Generally
speaking, biopolymers are macromolecules that are built from biological monomers
[1]. The three fundamental monomers are the nucleotides, which assemble to DNA
and RNA, the carbohydrates, which form polysaccharides and the amino acids, which
form polypeptides [3]. Long polymers with a molecular weight of more than 10kDa
and therefore consisting of more than 50 amino acids are named proteins [54]. Proteins
are not just simple peptide chains in random congurations, but instead they form
distinctive secondary and tertiary structures [55, 56, 57]. Secondary structures emerge
when the peptide chain is twisted, which results in the so-called   and   sheets. The
tertiary structures emerge as a consequence of folding of the twisted peptide chain. The
precise determination of the specic protein structure is a challenging task and is the
goal of many investigations. Valuable insight in the mechanisms of protein folding and
stability can also be gained from SMFS. For example, a pioneering study by Hermann
Gaub and colleagues revealed the binding forces that govern the secondary and tertiary
structure of recombinant titin immunoglobulin segments [58]. In this work the protein
was held at both ends and stretched by using a scanning force microscope. Many of the
various functions of proteins depend on the correct folding, which can also be alternated
as a response to changes in the surrounding environment.
2.3 The Inuenza Virus, Hemagglutinin and Neu-
raminidase
2.3.1 General Structure of the Inuenza Virus
The inuenza virus (IV) can be considered as a major threat to human health as it
causes seasonal epidemics and occasional pandemics [59, 60]. Estimations by the World
Health Organization (WHO) account for annually  109 infections worldwide, of which
 5  106 lead to severe illness, causing  0:4  106 deaths [61]. The IV belongs to
7
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Figure 2.2 { Dierentiation of HA and NA on X31 A/Aichi/68 (H3N2) viri-
ons using cryo-electron microscopy: a) A cryo-electron microscopy images of dier-
ent regions on the viral membrane are shown. From left to right, the images show a region
that is occupied by only HA, an NA surrounded by HA, and a region only occupied by
NA. (Scale bar: 50nm.) The crystal structure and corresponding cryo-electron microscopy
image is shown for HA in b) and for NA in c). (Scale bar: 5nm.) The model of the virion
that was derived from the analysis of the protein distributions is displayed in d). The
model illustrates the arrangement of NA spikes in patches, but also isolated NA are visible.
(Scale bar: 20nm.) The image was reproduced from [66].(Copyright (2006) National
Academy of Sciences, U.S.A)
the family of enveloped viruses, which means that the viral RNA is encapsulated by a
membrane [62]. The RNA is single stranded and the genome is segmented [63]. Encoded
in the RNA segments are the RNA polymerase subunits, the viral glycoproteins, the
nucleoproteins, matrixproteins, the nonstructural proteins NS1 and the nuclear export
proteins [64]. The glycoproteins can be further subdivided into hemagglutinin (HA) and
neuramindiase (NA) [65]. HA and NA are essential for viral entry into and exit from
host cells. Both proteins were individually identied and their distribution on the viral
membrane was visualized by Harris and colleagues using cryo-electron tomography [66].
It was shown in that study that the ratio HA:NA is about 6:1 and that NA assembles
in patches. This is illustrated in Figure 2.2.
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Figure 2.3 { Viral replication cycle and its inhibition: In a), the replication cycle
of an IAV is sketched. In the rst step of the infection, the virion attaches to the membrane
of the host cell through interaction of viral proteins with cellular glycoproteins. Following
the initial attachment, the virion is taken up by the host cell where the genome and proteins
are replicated. After replication of the genome, new virions are built at the membrane of
the host. Cleavage of the cellular glycoproteins enables the release of the new virions. b)
Inhibition of viral infection is focused on the design of small molecules that bind to the
viral proteins with an anity that can compete with the anity between the proteins and
the cellular ligand.
In order to enter the host cell, the IV does not directly penetrate the cell membrane
of the host, as it is done by similar viruses, but instead forms a vesicle after fusing with
the cell membrane [16]. That process is called endocytosis and is depicted in Figure 2.3
[67].
It is widely believed that the initial adhesion of a virion to a host cell is mediated by
the HA binding to sialic acid (SA), which is a terminal sugar found on the glycoproteins
of epithelial cells [68]. From nuclear magnetic resonance (NMR) experiments it is
known that the binding strength of individual HA to SA is weak [23, 25]. Therefore, a
multitude of these weak interactions is used by the virion to provide a stable attachment
required for viral uptake [69]. Once the viral genome has been copied, the new proteins
9
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and RNA segments are transported to the host cell membrane where the budding takes
place and new virions are created [61]. These new virions are still bound to the host cell
through the interaction of HA with SA [70]. Also virions can stick to one another and
form aggregates [71]. The release of the virions from the cell and the separation of the
aggregates is promoted by the NA, which is known to have an enzymatic activity that
cleaves SA residues from glycoproteins [72]. It is obvious that a precisely tuned balance
between the fusogenic activity of HA and the enzymatic activity of NA is required for
eective viral replication, since both proteins share the same ligand [73, 74, 75, 76].
Current treatment of IV infections is based on the inhibition of the enzymatic
activity of the NA. This is to some degree because the ligand binding domain (LBD) of
NA is conserved through most inuenza subtypes [77]. Inhibitors have been developed in
order to inhibit viral spreading within the host after an infection has occurred. Two NA
targeting inhibitors, zanamivir (ZV) and oseltamivir (OV), are commercially available
and are frequently applied in medical treatment of infections. Even though their binding
anity to NA and an inhibitory eect in a variety of dierent inuenza strains have
been conrmed, they do not prevent initial infection or counteract symptoms, and only
shorten the duration of illness by a small amount of time [78]. In addition to this, their
eectiveness is further reduced due to recently emerging IV mutants that are resistant
to ZV and OV [79, 80]. Therefore, current eorts in the struggle against inuenza are
focused on the inhibition of the HA. Gold nanoparticles presenting multiple SA have
shown good inhibitory eect in in-vitro experiments [20, 21]. Current approaches focus
on fullling the need for less toxicity and more bio-compatibility. To this extent scaolds
based on polyglycerol, DNA and peptide-polymer conjugates are highly interesting
candidates [22, 81, 29, 82].
2.3.2 Hemagglutinin
Hemagglutinin is the most abundant protein, that is found on the viral envelope. It
is a homotrimer, that is composed of 3 monomers of which each has a molar weight
of  84kDa [83]. The monomer, that is also referred to as HA0, can be divided into
two subunits, that are termed HA1 and HA2. HA1 has a peptide length of about 327
amino acids while HA2 is composed of about 222 amino acids [84]. Both subunits
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Figure 2.4 { Fusogenic action of hemagglutinin: After attaching to the terminal
SA of the glycoproteins of the host cell, the HA changes its conformation and pulls the
membrane of the virion and the host cell together. This process is triggered by a reduction
of the pH-level in the surrounding environment and initiates membrane fusion. The image
was reproduced from https://pdb101.rcsb.org/motm/76.
are linked by disulde bonds. The globular head domain is completely located in the
HA1 subunit, but the stem domain reaches over the HA1 and the HA2 subunit. The
HA has a rod-like shape with a length of about 13:5nm and a diameter of about 6nm
[83]. Hemagglutinin is responsible for the primary attachment of virions to the host
cells. To fulll this function, the head possesses an active binding site, that can bind to
terminal sialic acid that is located on the glycoproteins of the host cell. In the trimer,
the binding sites of the individual monomers are separated by a distance of about
3:5nm [85]. Upon attachment, HA mediates the fusion of the viral membrane with the
host cell membrane. This is initiated by a change of the conformation, that is triggered
by a reduction of the pH of the surrounding medium. Before cell adhesion, the HA
can be seen as a spring loaded trap [86]. Immediately after attaching to the cellular
glycoproteins, the HA undergoes a conformational change and pulls the viral membrane
and the cell membrane together (see Figure 2.4). The fusion of the membranes triggers
the endocytosis and allows the virion to enter the host cell.
2.3.3 Neuraminidase
As previously mentioned, neuraminidase (NA) is the second major protein that is found
on the viral membrane on the inuenza virus, but the virions feature signicantly fewer
NA than HA spikes. For example, cryo-electron microscopy studies that were conducted
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by Harris and colleagues revealed that virions of the strain X-31 A/Aichi/68 (H3N2)
displayed approximately 40-50 NA spikes opposed to 300-400 HA spikes [66]. It was
also revealed in this study that the NA spikes were not distributed homogeneously
over the surface of the virion, but rather were arranged in patches with an average
center-to-center distance between proteins of  11nm. Cryo-electron microscopy images
and the derived model of the virions are shown in Figure 2.2. The general structure
of neuramindiase can be described as a globular head on a thin stalk. This crude
description can be rened by a closer examination. The neuraminidase is composed of
four identical polypeptides that form a homo-tetramer [72]. The monomers, which have
a peptide chain length of about 470nm, can be subdivided into 4 domains, that serve
dierent functions: The N-terminal cytoplasmic, the transmembrane, the stalk and the
head domain [77]. The cytoplasmic domain, which is composed of merely 6 amino acids,
is almost completely conserved across all inuenza A subtypes, but its function has not
been fully uncovered. The hydrophobic transmembrane domain fullls two important
functions. For one, it anchors the protein in the viral membrane. Secondly, it functions
as a signal peptide and directs the NA across the endoplasmatic reticulum. The stalk
of the NA of dierent subtypes can have various lengths [72]. Variations in the stalk
length occur to such an extent, that the NA spikes protrude the HA spikes, but also the
NA can lay below the HA [77]. Evidence that the stalk length is critically important for
viral tness has been reported in several studies, as reviewed by Munier and colleagues
[87]. Overall, this appears to be a reasonable assumption, since a longer stalk would
render the NA more accessible to SA binding. At the end of the stalk domain, the
catalytic head domain follows. Each monomer in the head domain contains one active
site, which is spatially and sequentially conserved to a high degree [77, 88]. The active
site is responsible for the enzymatic activity of the NA and can cleave SA from the
cellular glycoproteins or the mucus of the host [89]. Some, but not all, NA subtypes
feature a second cavity in close proximity to the active site [90]. The function and
importance for the viral life cycle of this cavity are still under debate. It is proposed
that this secondary binding site can assist in adhering to host cells, as it can bind to
SA at faster rates than the active site, but does not show catalytic activity [91, 92].
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2.4 Scanning Force Microscopy
The scanning force microscope (SFM), also referred to as atomic force microscope,
was invented by Gerd Binning, Calvin Quate and Christoph Gerber in 1985 [39]. The
concept was based on the scanning tunneling microscope (STM), which at that time was
an established tool to determine surface structures on an atomic scale. The STM made
use of the tunneling current that occurred between a sharp probe and a surface at close
proximity [93]. With the requirement of keeping the tunneling current constant, the
probe had to follow the topography of the surface, revealing it in the process [94]. The
drawback of the technique was that the surface had to be conductive to a certain degree.
Non-conductive samples could not be studied, unless they had been treated with a thin
metal coating [95, 96]. This, of course, was not possible with all samples. Especially
biological particles such as cells, viruses, proteins and membranes were very likely to be
damaged in the coating process and lose their original structure and functionality [97].
In order to prole these delicate samples, the SFM uses a sharp tip attached to the end
of a exible cantilever as a probe [98, 99, 40]. The apex of the tip mainly interacts with
the surface via Coulomb forces at long distances between tip and surface while at short
distances Van der Waals interactions predominate [100]. The interaction forces cause a
deection of the cantilever that is detected by an optical detection system. This system
uses a laser beam that is focused on the end of the cantilever and reected by the
cantilever onto a photodetector. Typical diodes consist of four photodiodes arranged
in a square, which is known as a four-quadrant detector. This diode arrangement not
only detects the vertical deection of the cantilever, but also the lateral deection,
which is caused by torsion around the long axis of the cantilever [101, 102]. The lateral
movement as well as the height of the SFM probe relative to the surface is controlled
by piezoelectric elements, which allow changes in the range of a few A.
Several modes of imaging are available in modern SFM instruments. Among these
are contact mode, tapping mode and force-spectroscopy mode and detailed descriptions
of each mode can be found in many reviews [103, 104, 105, 106, 40, 107]. These
fundamental imaging modes are illustrated in Figure 2.5 and their basic working
principles will be summarized as described in the mentioned reviews. The most basic
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mode is contact mode [108]. In contact mode the tip is held in permanent contact with
the sample surface, while it raster-scans line wise over the surface. The deection of
the cantilever, caused by the tip-surface contact, is kept constant by a feedback loop
that regulates the tip-surface distance relative to the features on the surface [100]. The
contact mode oers a high lateral resolution. Careful sample preparation provided,
crystal lattice structures can be revealed [109]. Despite its high resolution, contact
mode is not always the most appropriate mode. As a consequence of the constant
contact between tip and sample, this mode is prone to exert large lateral forces on the
sample [110]. That is especially true for samples with large features or high roughness
of the surface but also for soft biological samples. Hence, in general, resolution of the
crystal lattice can only be achieved on small scanning areas, with lateral dimensions
below 100nm.
The second commonly used mode of imaging is the tapping mode, also called
'intermitted contact' mode. In tapping mode, the SFM cantilever is actively driven
to oscillate at a frequency near its resonance frequency [111]. The amplitude of the
oscillation is used as a feedback to control the height of the SFM tip. As long as the
distance between the tip and the sample is large, the cantilever oscillates with its free
amplitude. As soon as the tip gets close to the sample, the free amplitude is damped.
Damping of the amplitude also occurs as a result of changes in the topography or
roughness of the sample that are encountered by the tip while scanning. The feedback
loop can then react to the damping by adjusting the height of the tip relative to the
sample. Keeping the amplitude of the cantilever oscillation constant is one way to
prole the sample. This is termed amplitude modulation. A damping of the oscillation
amplitude is always accompanied by a reduction of the oscillating frequency. Hence, it is
also possible to use changes in the frequency as feedback for the control of the cantilever
holder. This is termed frequency modulation [100]. A typical SFM image, which was
obtained in tapping mode using amplitude modulation, is shown in Figure 2.6 a). The
image shows a red blood cell (RBC), or erythrocyte, which was immobilized on a glass
slide. The disk-like structure with a diameter of approximately 8m is clearly visible.
The inset shows an scanning electron microscopy image of 3 RBC.
Depending on the magnitude of the lateral forces and the stability of the sample,
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Figure 2.5 { Fundamental imaging modes of SFM: In SFM imaging, a sharp tip
on a exible cantilever is used as a stylus to prole the topography of a sample surface. A
laser beam, which is directed on the cantilever and reected onto a photodiode array, is
used to detect the deections of the cantilever, which result from tip sample interactions.
A feedback loop and piezo-electric elements control the height of the cantilever. In a),
the general setup and the principle of contact mode are illustrated. In contact mode, the
tip is kept in constant contact with the sample. Below the setup, the resolution limit as
a result of tip geometry is illustrated. Only sharp tips can prole small features, which
are overlooked by blunt tips. In tapping mode, b), the cantilever is driven to oscillate
at a set amplitude. Upon contact with the sample, or as a result of changes in the
sample topography, the amplitude is damped, which can be used as a feedback. In c), the
quantitative nano-mechanical (QNM) imaging mode is illustrated. In QNM mode, the
sample surface is probed point-wise with so-called force-separation curves. This allows
determination of mechanical and chemical properties.
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Figure 2.6 { Cutting of an erythrocyte by SFM based force manipulation: The
gure illustrates the capability of SFM to manipulate and cut biological particles, such as
cells. a) The image shows the topography of an erythrocyte that was obtained from human
blood. The inset shows an SEM image of erythrocytes. The inset was adopted from [112].
The structures correlate well with the structure that was found using the SFM. b) The
same erythrocyte as in a) is shown after a cut had been inicted with the tip of the SFM
force probe. The cut is located in the area marked by a white box. c) The area with the
cut is shown in more detail.
the tip can inict damage by shifting parts of the sample over the surface or destroying
soft particles, such as cells or viruses [113]. While, on the one hand, these interactions
of the tip with the surface can render the images obtained in the process useless, the
modications of the surface by the SFM tip can also, on the other hand, be applied
intentionally [114, 115]. A simple example of such a manipulation of a soft sample is
illustrated in Figure 2.6 b) and c). After obtaining the initial image, the tip was moved
along a dened pathway while a considerably high force was sustained on the cantilever.
Further imaging revealed that the tip had cut into the surface of the RBC. Some of
the material that was carved out of the cut can be seen as small dots along the line of
cutting.
Over the years, SFM has evolved from a means to simply prole the topography
of an underlying sample to a multifunctional tool that enables researchers to probe
mechanical and chemical properties on the nanometer scale [99]. This progress is owed
to a large extent to the invention of the quantitative nano-mechanical imaging (QNM)
mode, which can be credited to Manfred Radmacher and colleagues [116]. In principle,
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QNM mode imaging maps the attractive and repulsive forces between the SFM probe
and the sample surface [117]. To this extent, the sample is imaged by measuring
so-called force separation curves [118]. In these force-separation curves, the SFM tip
approaches the sample surface, starting from a distance, that is outside the interaction
potential between tip and sample. Hence, no acting force is detected by the SFM
cantilever. When the tip is close enough to the sample, attractive forces cause the tip to
snap into contact with the sample. When the tip is approached further, the cantilever
relaxes at rst, which is followed by the tip indenting the sample. As the tip indents
the sample, the force acting on the cantilever rises depending on the elasticity of the
sample. If the sample is rather sti, the force will increase almost linearly with a steep
slope. The slope S is related to the spring constant of the SFM cantilever kc and the
indentation depth d through the relation S = kc  d. If the sample is elastic, the force
will increase continuously depending on kc and the Young's modulus of the sample. The
Young's modulus can be obtained by tting the part of the force separation curve that
is associated with the indentation [119, 120]. One t model for elastic deformation is
the Hertz model. It is given by Equation 2.1. In this particular form the Hertz model
is valid for an indenter, that is shaped like a circular paraboloid [119].
F () =
E
1  2
4
p
rtip
3
3=2 (2.1)
Here F denotes the force, E the Young's modulus,  the Poisson ratio, which
describes the ratio of transverse strain to axial strain, rtip the radius of the SFM tip and
 the indentation depth. The Hertz model suers from the fact that it does not include
the adhesive forces between tip and sample. However, it is well suited to describing
measurements performed in uid since the uid screens these forces, thereby reducing
their importance.
The attractive forces can be included in the determination of the Young's modulus
by using the Derjaguin-Muller-Toropov (DMT) model [121].
Typically, the tip will approach the sample until a dened setpoint force is reached.
After reaching the setpoint, the movement is reversed and the tip is retracted. It is
commonly observed that the tip adheres to the sample upon retraction and hence
adhesive forces between tip and sample can be measured. If the tip is retracted to such
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an extent that the forces acting on the cantilever exceed the adhesive forces, the tip
breaks loose from the sample and the cantilever relaxes almost instantaneously. The
topography of the sample can be obtained from the separation of the tip from the
sample at a given force F . Typically, the setpoint force chosen as a reference for the
topography. As an alternative the topography is determined from displacement of the
force probe at the moment where the force starts to increase.
An example of a such a quantitative determination of mechanical properties with a
lateral resolution on the nanometer-scale is shown in Figure 2.7. The gure is part of
the investigation on the catalytic eect of zinc-oxide (ZnO) particles in sulfur-vulcanized
butadiene-styrene rubber that was conducted by Yulia Glebova and colleagues [122]. In
this study, the stiness of the polymeric rubber matrix was analyzed with respect to
the proximity to the ZnO particles, that were embedded into the rubber matrix. In
Figure 2.7 a), the topography of the rubber sample is shown. The angular protrusion
in the center of the image was identied as ZnO with the help of scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The colored points
in the image correspond to the example force-separation curves that are shown in
Figure 2.7 b). The curve, that was taken directly on the ZnO particle features an almost
vertical increase of the force, as the tip makes contact with the particle. This is a direct
consequence of the hardness of the ZnO particle. In contrast, the rubber matrix can be
indented by the tip. The slope of the force-separation curve during indentation becomes
shallower with increasing distance from the ZnO particle. The Young's modulus of the
rubber sample was obtained from tting the curves with Hertz model. The authors
concluded that the high stiness of the rubber matrix close to the ZnO particle was due
to the enhanced sulfur cross-linking of the rubber polymers as a result of the catalytic
activity of ZnO.
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Figure 2.7 {Quantitative nano-mechanical mapping of the molecular structure
of butadiene-styrene rubber: The gure shows the capability of the SFM to map the
topography and mechanical properties simultaneously on a nanometer scale. a) The
topography of sulfur-vulcanized butadiene-styrene rubber was mapped by measuring force-
separation curves over a 256*256 points matrix. The color scale from black to white
represents 454nm. The angular protrusion in the center of the image is a ZnO-particle
that was used as a catalyst in the vulcanization. The colored dots mark the points where
the force-separation curves shown in b) were taken. b) The force-separation curves, that
correlate to the marked spots in a) are shown. For clarity, only the approach curves are
shown. Within the contact region, the curves feature a force gradient dFdx , that decreases
with the distance to the ZnO-particle. A steeper gradient is related to an increased Young's
modulus. The thick solid lines represent the t according to the Hertz model, which was
used to determine the Young's modulus at each point. The calculated Young's modulus
is shown with a color scale in c), with brighter points corresponding to a higher Young's
modulus. In d), the model that was concluded from QNM imaging is shown. The image
was adopted from [122].
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2.5 Single Molecule Force Spectroscopy
The upcoming section will illustrate the development of single molecule force spec-
troscopy (SMFS) and introduce the essentials of the technique. Firstly, a general
introduction into forced dissociation will be given. Secondly, the most common models
that are used to describe bond dissociation under external forces will be outlined.
This part will introduce the Bell-Evans model, which was developed by Evan Evans
and is based on Bell's formulation of Kramers' rate equations. This description is
considered the standard model of dynamic SMFS. A later model developed by Raymond
W. Friddle, Alexander Noy and James J. De Yoreo extends Evans' classical equation
and is applicable to a broad variety of force spectra. This model will be outlined in the
last part of this section.
2.5.1 Dissociation of Molecular Bonds under External Forces
In the macroscopic world the stable bond between two objects or surfaces is achieved if
the attractive forces between the objects exceed the forces that act towards separation
of the objects. An example would be two magnets that bind due to their magnetic force
and are pulled apart by an external force. As long as the external force fex is smaller
than the magnetic force fmag, the magnets will remain connected for an innitely long
time. On the other hand, if fex is larger than fmag the bond will fail immediately.
This simple picture does not hold true in the molecular world, where the stability of
bonds has always to be seen with respect to time and thermal energy kBT , which causes
spatial uctuations of the binding partners [123]. Here kB is the Boltzmann constant
and T the temperature. At a temperature T > 0K a bond between two molecules
will always fail at some time, if enough time is given for spontaneous dissociation.
Therefore, it makes sense to use an average bond lifetime  as a parameter to describe
intermolecular bonds. An example for such an intermolecular bond would be a metal-
chelate complex, which was extensively studied by Gensler and colleagues [124, 125].
In this study, the interaction of pyridine compounds, which is mediated by a metal
ion, was investigated. If such a pyridine-ion complex is separated by an external force,
the bond can be described by an energy landscape along the separation distance. A
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conceptual sketch of a simple energy landscape is shown in Figure 2.8.
The energy barrier is characterized by an energetic minimum and a barrier height.
The distance along the reaction coordinate between the minimum and the energy
barrier is called the rupture length, or transition state distance [130]. It can seen as a
measure for the malleability of the system that quanties its ability to deform under
load without rupturing [131, 125]. The actual shape of the energy landscape is typically
not known and can be quite complicated. This is especially true for the bonds between
complex macro-molecules [128]. These bonds might also unbind via various unbinding
pathways or over several successive energy barriers, resulting in highly complicated
energy landscapes. An external force that is applied to an intermolecular bond is always
directional and it alters the energetic prole. In the simplest case, the external force
will simply lower the height of the energy barrier but not change its location [128]. An
example would be a deep harmonic well with steeply rising boundaries. In the case of
more complex proles, the location of the energy barrier can shift as well.
Early on, in 1940, a theoretical framework for calculating the rates that govern
molecular interactions was developed by the Dutch physicist Hendrik Anthony Kramers
[132]. His publication "Brownian motion in a eld of force and the diusion model of
chemical reactions" was widely seen as a breakthrough in reaction-rate theory. Kramers'
work is closely related to the transition state theory for reactions in gases that was
proposed Henry Eyring, Meredith Gwynne Evans and Michael Polanyi among others
[133, 134, 135]. That framework was later expanded by Peter Hanggi, Peter Talkner
and Michal Borkovec [135]. Kramers' theory is based on the fundamental Van't Ho-
Arrhenius equation that is given in Equation 2.2 [136]. Hereby k denotes the rate of
escape from the stable state, Eb the activation energy threshold, and  the inverse of
the Boltzmann thermal energy, which is the product of the absolute temperature T
and the Boltzmann constant kB.  is a prefactor that has to be determined for the
particular reaction.
k =   exp ( Eb) (2.2)
The precise determination of the prefactor  can be seen as the holy grail of classical
rate theory. The concept of forced dissociation of intermolecular bonds was introduced to
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Figure 2.8 {A conceptual sketch of energy landscapes of intermolecular bonds:
a) A single intermolecular bond between a ligand a receptor can be approximated by an
energy landscape that features a potential well. The potential well is characterized by the
activation energy Esingle, which imposes an energy barrier, and the distance x between the
energetic minimum and the transition state, which is referred to as the rupture length. As
a result of thermal uctuations, the bond can overcome the energy barrier and dissociate.
Application of an external force lowers the energy barrier increasing the rate of dissociation
[126, 127, 128]. b) A combination of two identical uncorrelated intermolecular bonds
arranged in parallel can be described with a single energy landscape that is characterized
by an activation energy 2  Esingle and x of the single bond. c) The energy landscape of
two identical uncorrelated intermolecular bonds in serial arrangement is characterized by
the activation energy 2  Esingle and the rupture length 2  x [129].
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the bio-physical world by George I. Bell in 1978 [35]. In his phenomenological approach,
Bell altered the Van't Ho-Arrhenius equation, Equation 2.2, by including a mechanical
energy, which resulted in a reduction of the activation energy threshold and highlighted
the signicance of mechanical forces to biological interactions. If Emech = f x denotes
the mechanical energy, where f is the external force and x is the displacement of
the bond along the reaction coordinate, then Equation 2.2 can be generalized. Bell's
equation is shown in Equation 2.3
k = 0  exp [  (Eb   f  x)] (2.3)
Bell associated the prefactor in the Van't Ho-Arrhenius equation with the natural
frequency of oscillation of atoms in solids. With this assumption it holds: 0  1013s 1.
In this sense, 0 can be seen as an attempt frequency to cross the energy barrier and
escape from the potential well.
2.5.2 The Kramers-Bell-Evans Model
In SMFS the force can be applied to the molecular bond in two distinct ways. Either
the force is reached instantaneously, at least on the time scale of bond dissociation,
and held suciently long for the bond to dissociate, or the force is continuously rising
with time. The former procedure is called a force clamp experiment [137]. The latter is
the more commonly applied experimental method, as in most SMFS experiments, the
bound molecules are separated at a constant pulling speed. In general, the molecular
dissociation is an escape process, in which the interacting molecules escape from the
potential well of the bound state to the energetically favorable dissociated state [138].
Hence, the bound state represents a metastable state, that is characterized by a local
minimum of the energy landscape. Such an escape process is a stochastic process
and the escape rate k can be related to the survival probability PS to remain in the
metastable state with Equation 2.4 [139].
PS (f) = exp
"
 
Z f
0
k (f 0)
df 0
dt
df 0
#
(2.4)
The survival probability PS(f) allows calculation of the probability density function
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(PDF), that describes the probability p(f) of the bond to rupture at a particular force.
The PDF is dened as the derivative of PS(f) with respect to f , shown in Equation 2.5
p (f) =  dPS(f)
df
=
k(f)
df 0
dt
PS(f)
(2.5)
In the Bell-Evans model, Evan Evans and Ken Ritchie associated the natural
vibration frequency  in Bell's equation, Equation 2.3, with the force-free dissociation
rate k0 [127]. With this assumption, k(f) in Equation 2.5 can be substituted by
Equation 2.3 and, if the PDF of the rupture forces is known, both k0 and x can be
determined.
The concept of studying molecular bonds by applying an external force was developed
by Hermann Gaub and colleagues and Richard Colton and colleagues independently but
at the same time [140, 141, 142]. Gaub et al and Colton et al investigated the interaction
of biotin with avidin and streptavidin. The biotin-avidin and the biotin-streptavidin
bonds are among the strongest non-covalent bonds, that have been reported. The
group around Hermann Gaub used an SFM based approach to probe the adhesive force
between an SFM tip functionalized with avidin, and biotinylated agarose beads. They
discovered adhesive forces, that were up to a few hundred pN . After adding free avidin,
the probability of detecting an adhesion event was reduced signicantly, but this was
not the case if free bovine serum albumin (BSA) was added. This lead to the conclusion,
that the detected events were a direct result of the specic adhesion of biotin and
avidin. The distribution of the adhesive forces was rather broad, but featured several
distinct peaks. By using an autocorrelation analysis Gaub and colleagues revealed a
force quantum of F = 160 20pN , which was attributed to the unbinding of a single
biotin-avidin bond. In a similar approach, the group around Richard Colton measured
the adhesive forces between a SFM tip functionalized with biotin and a mica surface
coated with streptavidin. With this setup, they found adhesive forces of around 300pN ,
whereas forces dropped to around 60pN after the mica surface had been blocked. A
conceptual sketch of a typical force spectroscopy experiment is depicted in Figure 2.9.
The biotin-avidin and the biotin-streptavidin bonds have been the subject of many
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Figure 2.9 { Basic setup and typical force-separation curve: A typical force-
separation curve records the force that is deduced from the deection of the cantilever
using Hooke's law, at a given distance between the apex of the force probe and the sample.
The measurement starts by approaching the force probe, with attached functional groups,
towards the sample. During the approach no force is acting on the cantilever until the
force probe makes contact with the sample and cantilever is bent, while the force probe
is pushed on to the sample. When the force probe is retracted, the cantilever relaxes due
to the diminishing force. If adhesive contact has been made, the cantilever is deection
in opposite direction during further retract. Specic interactions can be identied from
the characteristic unfolding behavior of tethers between tip and functional group. Stable
immobilization of samples on the surface as well as the tip is required in order to ensure
that only the receptor-ligand bond is ruptured upon tip retraction.
studies [143, 144, 145]. These investigations have revealed that the bond strength, that
is, the most probable rupture force, is not an intrinsic property of the bonds. Rather,
it is strongly inuenced by the way the bond is loaded with the force [146]. In other
word, the bond strength depends on how the force acting on the bond varies with time.
The aspect of continuously increasing force was analytically treated by Evans Evans
and colleagues [142, 128]. If the PDF of the rupture forces is known, the most probable
rupture force f  can be determined from dp(f)
df
= 0. As a consequence, the dependence
of f  on the loading rate can be determined from Equation 2.4 in combination with
Equation 2.5. If one now assumes a constant rate of force loading, that is df
ft
= r,
and uses Bells formulation of Kramers' rate equation, Equation 2.3, then the famous
Kramers-Bell-Evans (KBE) model is obtained. The fundamental equation of the (KBE)
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model is given in Equation 2.6.
f  (r) =
kBT
x
ln

rx
koffkBT

(2.6)
The KBE model states, that the bond strength depends on the loading rate according
to f   ln(r). In order to obtain the kinetic parameters, that are characteristic of
the bond, it is the established standard procedure to measure f  for a broad range
of loading rates. If f  is then plotted against ln(r), the dissociation rate koff and the
distance to the transition state x can be determined from a linear regression t. This
procedure is typically termed dynamic force spectroscopy (DFS).
2.5.3 Friddle-Noy-De Yoreo Model
Over the last decades, DFS has been used to derive the kinetic characteristics of an
enormous number of dierent molecular systems [147]. The KBE model has been most
commonly used to interpret the spectra. Although the model has been very successful in
characterizing the energy landscapes of many receptor-ligand systems, derivations from
the linear dependence of f  on ln(r) were found in many studies and the force spectra
featured two or more distinct regimes. Most commonly, this succession of linear regimes
was attributed to a cascade of energy barriers that are related to intermediate states of
the intermolecular bond. Dierent attempts have been made to nd an expression that
describes force spectra over a wide range of loading rates [148, 149].
The widely accepted assumption of successive energy barriers was questioned by
Raymond W. Friddle, Alexandr Noy and James J. De Yoreo, who doubted the existence
of multiple barriers in unbinding reactions of small and simple molecules [147]. Unlike
the thermal forces that induce the spontaneous dissociation of freely diusing receptor-
ligand pairs, the external force that induces forced dissociation is transmitted to
the receptor-ligand pair via a force transducer [150]. In typical SFM based SMFS
experiments the force transducer is the combination of the SFM cantilever and the
polymeric tethers linking the receptor and ligands to the cantilever tip and the substrate.
By relating the dissociated state with the potential induced by the force transducer
that was used in the experimental setups they developed an extended model for DFS
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Figure 2.10 { Conceptual sketch of the energy landscape of an intermolecular
bond under an external force: a) In dynamic force spectroscopy an intermolecular
bond is loaded with an external force by a force transducer that typically includes a force
probe, such as a SFM cantilever, and a polymeric tether, such as polyethylene glycol. The
energy landscape of the transducer Vt can be described with a harmonic potential that is
characterized by the stiness of the transducer kt. The energy landscape of the bond Vbond
is by the energy barrier Gbond and the distance to the transitions state x, which is also
referred to as the rupture length. b) Vt and Vbond overlap at zero force loading resulting in
a deep potential well impeding dissociation. c) A second potential well is created when Vt
is pulled beyond x. This second potential well is associated with the unbound state of the
intermolecular bond.
[150, 147, 151]. The basic concepts of the Friddle-Noy-De Yoreo (FNDY) model will be
outlined in the following.
In this approach, Friddle and colleagues proposed, that the free energy as a function
of the reaction coordinate, G(x), of the bond between an immobilized receptor and a
ligand, attached to the force probe can be written as the sum of the distant dependent
energy of the free receptor-ligand bond, Gbond(x), and the energy of the force transducer
Vt(x; t), as shown in Equation 2.7. The resulting energy landscape is illustrated in
Figure 2.10.
G(x) = Vbond(x) + Vt(x; t) (2.7)
It should be noted that the energy of the force transducer, V (x; t), is time dependent
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due to movement of the force transducer over time. The potential energy landscape
of the unconned intermolecular bond can be described, for example, by the Morse
potential, which is given in Equation 2.8 [152, 153].
U(x) = U0 [1  exp ( 2b(x=x0   1))]2 (2.8)
The Morse potential, which was originally derived as a solution of Schrodinger's
equation for diatomic molecules, is well suited to describe the interaction between
receptor-ligand pairs. The energy of the force transducer, that is separating the bond
at a pulling speed vpulling over the time t, is described by the potential of the harmonic
oscillator, which is given in Equation 2.9
V (x; t) =
1
2
k (x  vt)2 (2.9)
By combining the energy landscape of the bond and the transducer potential, the
energy landscape of the receptor-ligand bond conned by the force transducer is obtained.
The connement hinders the spontaneous dissociation at zero force (Figure 2.10 b)).
Hence, the receptor-ligand pair will remain trapped in the bound state for a quasi-innite
time, unless a certain threshold force feq is reached. feq is dened by Equation 2.10.
feq =
p
2k (U0   TS) =
p
2kG (2.10)
Hereby, G denotes the equilibrium free energy change between the bound and
unbound state. This is a fundamental dierence to the classic Bell-Evans model, which
in principle describes the loading of the bond with a semi-harmonic potential of the
transducer. It is convenient to dene the minimum of V (x; t) and the bound state of the
free receptor-ligand pair to x = 0, t = 0. When the potential of the force transducer is
shifted as a result of the transducer moving at the pulling speed v, a second metastable
state is created (Figure 2.10 c)). The initially bound molecules can now dissociate by
crossing the new energy barrier. The intermolecular bond is irreversibly broken when
the external force exceeds the threshold force, i.d. f >> feq.
The forced bond rupture can be treated as a two-state process since the bond can
either be connected or broken. Consequently, there exists a binding and an unbinding
28
2.5. SINGLE MOLECULE FORCE SPECTROSCOPY
transition rate. If these rates are subjected to the potential of the force transducer,
they can be calculated from Equation 2.12 and Equation 2.11
ku (f) = k
0
u exp



fx   1
2
ktx
2


(2.11)
kb (f) = k
0
b exp
"
 kt
2

f
kt
  x
2#
= ku (f) exp



Gbu   f
2
2kt
 (2.12)
Both rates cross at the equilibrium force feq, which was related to the free energy with
Equation 2.10. With the rates that were dened in Equation 2.12 and Equation 2.11,
and assuming that the intra-well relaxation is faster than any time scale of the system,
the two state Markov process can be written as shown in Equation 2.13. Hereby,
pbound denotes the probability of nding the system in the bound state and punbound the
probability of nding the system in the unbound state.
d
dt
pbound =  ku(t)pbound + kb(t)punbound (2.13)
The existence of feq inhibits the measurements of lower forces. Hence, Equation 2.13
can be truncated and written in a simplied form.
Z pbound
1
dp0bound
p0bound
=  1
r
Z f
feq
ku(f
0)df 0 (2.14)
With this, an expression for the dependence of the most probable rupture force on
the loading rate can be derived. The result is shown in Equation 2.15.
f  = feq + fe
1
R(feq)EInt

1
R (feq)

(2.15)
R (feq) =
r
ku (feq) f
(2.16)
Hereby, the thermal force scale is set by f = kBT=x, which is directly related to
the transition state distance. The exponential integral EInt (z) =
R1
z
e s
s
ds satises the
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analytical approximation ezEInt = ln (1 + e =z) with the Euler's constant   0:577
and hence Equation 2.15 can be analytically approximated by Equation 2.17.
f  (r) = feq + f ln

1 +
e r
ku (feq) f

(2.17)
The equilibrium force feq denes the end of the equilibrium regime and the beginning
of the kinetic regime. In their sublime paper, Friddle and colleagues illustrate that their
model is well suited to t many force spectra of preceding studies [147].
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Methods and Materials
In this chapter the experimental methods will be explained in detail and the materials
used throughout this study will be introduced and elucidated.
3.1 Sample Preparation
This section will describe the immobilization of the viral proteins and virions as well as
the functionalization of the SFM force probe with SA displaying ligands.
3.1.1 Surface Immobilization of the Viral Proteins Hemaglut-
nin and Neuraminidase
For this study hemagglutinin (HA) and neuraminidase (NA) of the inuenza strain A/
California /04/2009pdm, as well as NA of the strain IAV X31 (H3N2), were immobilized
onto a solid support using metal chelate complexation compounds that formed between
nitrilotriacetic acid (NTA) and the terminal polyhistidine-tag (histag) that was fused
to the viral proteins. The complexation was mediated by a Ni2+ ion.
The technique is based on immobilized metal anity chromatography, which was
introduced by Jerker Porath and colleagues, and is frequently used for protein immobi-
lization [154, 155, 156, 157]. A conceptual sketch of the histag Ni2+ NTA complex
is shown in Figure 3.1. It was also shown that the histag serves well as a handle to hold
and stretch proteins [158].
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Figure 3.1 { Immobilization of a polyhistidine-tag through complexation with
a Ni2+  NTA chelate: a) shows NTA. b) shows histidine. In both a) and b) the top
image shows the chemical structure, and the bottom image shows the structure with color
coding. c) shows the complex that is formed between a histag consisting of 2 histidine
and NTA that is loaded with a Ni2+ ion (shown in green). Two histidines can bind
simultaneously to one NTA molecule. The hydrogen atoms are not shown for the sake of
clarity. The image was made using ChemSketch (ACDLabs Freeware 2015).
The H1 hemagglutinin (HA (H1N1)) was obtained from BEI resources (NIAID, NIH)
(H1 Hemagglutinin (HA) Protein with C-Terminal Histidine Tag from Inuenza Virus,
A/ California /04/2009 (H1N1)pdm09, recombinant from Baculovirus, NR-15749). The
amino acid sequence of the recombinant HA (H1N1) includes a poly-histidine tag at
the C-terminus. This histag consists of 8 histidine residues. The HA was received
in PBS, at pH = 7:4, with 50% glycerol at a concentration of cHA = 1mg=ml and
used as received. Neuraminidase of the type H1N1 (NA H1N1)) and neuraminidase
of the type H3N2 (NA (H3N2)) were obtained from Sinobiological (Beijing, China).
The lyophilized NA were also recombinant and expressed with a N-terminal histag of
6 histidine residues. Following manufacturer's instructions, the NA were dissolved in
Milli-Q water to a nal concentration of cNA = 0:25mg=ml.
The chelating agent nitrilotriacetic acid (NTA), covalently bound to glass slides, was
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purchased from NanoCS Inc (New York, USA). Prior to incubation with proteins, the
slides were cut to squares with a size of 1  1cm2 using a diamond stylus and thoroughly
washed with Milli-Q water to remove dust and other macroscopic contamination. The
NTA-functionalized slides were loaded with Ni2+ ions by covering the surface with a
10mM solution NiCl for 2 hours. After loading, the slides were rinsed with Milli-Q
water and remaining water was removed using paper towels. The Ni2+ loaded slides
were incubated with either HA or NA for 1 hour by dropcasting the protein solution
onto the NTA-surface. Unbound or unspecically bound proteins were removed by
washing the slides with PBS buer solution.
3.1.2 Surface Immobilization of Inuenza Virions
The inuenza virions were immobilized on a self-assembled monolayer (SAM) on
gold surfaces by Jose Luis Cuellar-Camacho during a collaboration. The details of
the immobilization procedure, which was adopted from a protocol by Friedsam and
colleagues [159], will be published in an upcoming manuscript but the main steps will
be outlined here for the sake of completeness.
Puried X31 virus (inuenza strain A/Aichi/2/68 H3N2, reassorted with internal
segments of A/PuertoRico/8/1934 H1N1) was received in PBS buer solution at a
protein concentration of 4:4mg=ml. Epitaxial gold 111 layer on mica (Georg Albert
PVD, Heidelberg, Germany) were cleaned with an aqueous solution of ammonia (30%)
and hydrogen peroxide (30%) followed by rinsing with Milli-Q water. The SAM was
created by immersion of the gold-mica plate in an ethanol solution containing 2:5mg 16-
mercaptohexadecanoic acid and 2mg 11-mecaptoundecanol immediately after cleaning.
The SAM was activated using a solution of MES buer (pH=6) with a 1:5 mixture
of N-Hydroxysuccinimide and 1-Ethyl-3-(3-dimethylaminopropyl) carbodimide. After
activation, the gold-mica plates were rinsed with MES buer and immediately incubated
with 10l virus solution for one hour. The plates were rinsed with PBS buer prior to
experiments in order to remove unbound material.
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3.1.3 Functionalization of the SFM Force Probe
Synthesis of the Sialic Acid Displaying Ligands and the Control Molecule
The measurements of the interaction forces between SA and the viral proteins HA and
NA required not only sialic acid displaying ligands but also control molecule, designated
to test the specicity of the interaction. All molecules were custom made and designed
to meet the needs of single molecule force spectroscopy. The synthesis was carried out
by Ph.D. Sumati Bhatia (Freie Universitat Berlin, Organic Chemistry). The details
of the synthesis are described elsewhere [160] but a brief description will be given for
the sake of completeness. The control molecule was created by linking a hydroxide
(OH) terminated polyethylene glycol tether (PEG) to a lipoic acid group and was called
'OHPEGLA'. The molar weight of the PEG tether was 5kDa, which can be related to
a contour length of about 40nm. It was assumed that the terminating OH endgroup is
not interacting specically, if at all, with the viral proteins HA and NA. Its structure
is depicted in Figure 3.2 a). The SA displaying ligand, which was called 'SAPEGLA',
was created using the same PEG tether that was used for the control molecule. The
lipoic acid was attached to one end while the other end was terminated with SA, as
illustrated in Figure 3.2 b). In a similar fashion, the dendritic ligand, which was called
dPGSA, was synthesized and linked to the PEG tether. Its structure is depicted in
Figure 3.2 c). A detailed description of the synthesis of the dendritic polyglycerol and
its functionalization with SA can be found in the literature [22]. The amount of SA
moieties was set to 15%. Bhatia and colleagues had shown that this concentration
resulted in the maximum inhibitory eect [22]. In order to construct a corresponding
control molecule, the dendritic polyglycerol was directly linked to the PEG tether
without functionalization with SA.
Covalent Attachment of the Molecules to the Force Probe
Both of the hetero-functional SA displaying ligands, SAPEGLA and dPGSA, and the
control molecules could be self-assembled on gold surfaces via the sulfur groups on the
lipoic acid. The exible PEG tether would then give the necessary freedom of motion
for the terminal SA-group to nd proper binding partners.
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For all SMFS experiments force probes of the type OBL (Bruker Corporation) were
used. These probes feature a low spring constant kc  30mN=m that ensures the high
deection to force ratio needed to detect the small forces of bio-molecular interactions.
The force probes are gold coated and therefore functionalization is straight forward. The
force probes were illuminated with UV light for 30min, using a low pressure mercury
lamp. The ozone created by the UV radiation is known to clean surfaces from organic
contamination. After UV treatment the probes were placed on a piece of Paralm and
covered with a droplet of solution containing either the ligand or the control molecule in
Milli-Q water. Probes were incubated for 12h  24h to ensure a dense surface coating.
After the incubation, unspecically bound molecules were removed from the force probes
by gently dipping the force probe into Milli-Q water.
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Figure 3.2 { SA displaying ligands and the control molecule: All structures are
composed of lipoic acid for the attachment to the force probe, a polyethylene glycol tether
for identication of binding events and the terminal moiety. a) The hydroxide (OH)
terminated control molecule (OHPEGLA) will not bind specically to HA nor NA. b) The
SA displaying ligand (SAPEGLA) will bind specically to single binding pockets on HA
and NA. c) The dendritic ligand (dPGSA) displays multiple SA (surface functionalization
is 15 %). It is expected to bond multivalently, at least to HA. The image was made using
ChemSketch (ACDLabs Freeware 2015).
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3.2 Experimental
Firstly, this section will outline the imaging by SFM. Secondly, the procedure to measure
molecular forces is described.
3.2.1 Scanning Force Microscope Imaging
SFM images were taken using commercial SFM instruments, namely a Multimode 8
from Bruker Corporation and a Nanowizard 3 from JPK Instruments. For imaging
at lower lateral resolution, Sharp Nitride Lever (SNL) probes from Bruker were used.
These probes feature a sharp silicon tip on a exible silicon nitride cantilever. The
nominal tip radius is 2 nm but variations up to 12 nm are possible. In order to achieve
a higher lateral resolution, probes of the type PEAK-FORCE HIRS were used. These
probes have tips with a nominal radius of 1 nm and a maximum radius of 2 nm. All
probes were used as received without further treatment or modications. Images were
recorded in force spectroscopy mode at a typical resolution of 256*256 pixels/image or
512*512 pixels/image. Image sizes varied from 10  10m2 to 0:5  0:5m2. In force
spectroscopy mode a force separation curve is recorded for every point of the image.
These force separation curves feature an approach of the SFM force probe towards the
sample surface and a retract of the SFM force probe from the sample surface. During
the approach and retraction, the deection signal of the cantilever at the given height
of the force probe is measured. The deection signal is also a measure for the force
acting on the SFM force probe. The topography of the sample surface was determined
from the SFM probe height at a given deection setpoint during the approach. This
setpoint was 100pN   200pN . The vertical distance of the force probe movement was
set to 50nm  150nm. The images were post processed using the software Nanoscope
Analysis (Bruker Corporation) and JPK Data Processing (JPK Instruments). The
images were line-wise attened using a polynomial t of 2nd order. All images were
taken in PBS buer solution, if not stated otherwise.
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3.2.2 Single Molecule Force Spectroscopy
Single molecule force spectroscopy was done on a Force Robot 300 with motorized
precision stage by JPK Instruments (Berlin, Germany). Force-separation curves were
measured by approaching the functionalized SFM force probe towards the sample
surface at a constant speed of va = 0:5m=s. The approach was stopped when the
deection signal reached the given setpoint force FSP = 100pN . Then, the force probe
was either retracted immediately or allowed to rest on the surface over contact times
up to 10s, with the setpoint force maintained. An increased contact time is supposed
to increase the likelihood that a ligand bound to the SFM force probe will interact
with a protein immobilized on the Ni2+-NTA surface. After contact, the force probe
was retracted. The retraction speed vr was varied between 0:1m=s and 10m=s in
discrete steps: vr = [0:1; 0:3; 0:5; 1:0; 2:0; 5:0; 10]m=s. On retract binding forces could
be measured, if a ligand attached to the tip of the force probe had formed a bond with
either the surface or the proteins immobilized on the surface. In addition, there exists
the possibility of an interaction of the tip of the force probe with the surface or proteins
on the surface. The unspecic interactions of the tip could be distinguished from the
interactions of the ligand by considering the behavior of the PEG tether of the ligand.
In the case of a ligand interacting with the surface, the force applied to the molecular
bond does not increase linearly with the distance of the force probe to the surface,
following Hooke's law, but rather is distributed over the PEG tether. The PEG tether
is stretched before bond rupture, resulting in a non-linear increase of the interaction
force due to the entropic unfolding of the PEG tether. As a consequence, only those
rupture events were considered for further analysis that displayed a non-linear increase
of the interaction force and bond rupture within the contour length of the PEG tether,
which is lPEGc = 40nm.
The non-linear force peaks, which are identied as interactions of the ligands, were
tted with a polymer chain model, in order to extract the unbinding forces. Namely the
freely jointed chain (FJC) model (Equation 3.1) and the extensible freely jointed chain
model (Equation 3.2) were used. These models provide a mathematical description
of the extension of a polymer chain, such as PEG, under an externally applied force.
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While the FJC model allows the polymer to be stretched to maximum length lmax that
is equal to its contour length lc, yielding lmax = lc, the extensible FJC model includes
stretching of the backbone of the polymer and therefore allows lmax > lc. The equations
corresponding to the particular model can be found in literature [161].
l(F ) = lc

coth

FlK
kBT

  kBT
F lK

(3.1)
l(F ) = lc

coth

FlK
kBT

  kBT
F lK

1 +
F
lc

(3.2)
Fitting these equations to the force separation curves yielded not only the rupture
force, but also the rate of force loading at bond rupture, which is also called the critical
loading rate rcrit. In general, the force loading rate r at a given force F is dened as
the change in force F in relation to the change in tip-sample separation xtss according
to Equation 3.3
r
 
F (xtss)

=
@F (xtss)
@xtss
vpulling (3.3)
with the pulling speed vpulling. As a consequence of the bond rupturing at the critical
tip-sample separation xcrit the critical loading rate is calculated from 3.4
rcrit =
@F (xtss)
@xtss

xcrit
vpulling (3.4)
Unlike the simple approach using the apparent loading rate rapp = kprobe  vpulling
with kprobe being the spring constant of the force probe, the critical loading rate accounts
for the combined elasticity of the force probe and the PEG tether. The critical loading
rate can be interpreted as the apparent loading rate using an eective spring constant kt.
The eective spring constant stands for the elasticity of the whole transducer system.
The rupture of a single molecular bond, such as the detachment of a sialic acid from
the binding pocket of a viral protein, does not, at rst, reveal relevant information of the
molecular interactions, since these are subjected to their stochastic nature. Therefore,
in order gain insight into the physics of the bond rupture, the distribution of rupture
forces needs to be determined. Up to several hundred force-separation curves displaying
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a characteristic rupture event were recorded to acquire the appropriate amount of data.
This was achieved by moving the force probe over the surface in discrete steps between
two successive force-separation curves. The discrete steps were preset by dening a
lattice of 10  10 points over an area of 10m  10m. It is assumed that the viral
proteins are disturbed when the force probe makes contact with the surface, especially
regarding their tertiary structure. Also, proteins might stick to the tip of the force
probe, so that they are unfolded upon retraction. These unfolded proteins are not
likely to reshape into their original form and will therefore most likely not interact
as intact proteins. This might cause unspecic rupture events. To minimize these,
only one force-separation curve was recorded per lattice point. The distance of 1m
between points ensures that almost every contact of the force probe will be on unharmed
surface areas. The rupture forces with their corresponding critical loading rates could
be displayed in either a scatter plot, where each point represents a single rupture event
or they were summarized to histograms for every individual pulling speed. From these
histograms the most probable rupture forces, and respectively the most probable critical
loading rates, were obtained by tting the histograms with Gaussian functions.
As previously mentioned, the experimental technique ensures that only rupture
events caused by interactions of the ligand with the surface or with proteins on the
surface are considered in the analysis. This is achieved by including the PEG tether
to indicate specic interactions. The drawback of SMFS is that the interaction of
the ligand with the plain surface cannot be discriminated from its interaction with
the protein. In both cases, the PEG tether will be stretched during retraction of the
force probe, resulting in the characteristic non-linear signal. To exclude the possibility
that the measurements are blurred by unspecic ligand-surface interactions, leading to
false conclusions, additional control experiments need to be performed. These control
experiments follow the logic of competitive binding assays of which the concept is
sketched in Figure 3.3.
First, the probability of binding pb of the ligand was compared to the probability of
binding of the OH terminated control molecule. Secondly, pb of the ligand was probed
on the surface, where viral proteins had been immobilized, and it was compared to pb
of the ligand probed on a surface without viral proteins. Finally, the pb of the ligand to
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Figure 3.3 { Schematics of experimental setups to test the specicity of the
observed interactions and characteristic force-separation curves: a) SAPEGLA
binds to one of the inuenza proteins that were immobilized on the surface. Upon retraction
of the SFM tip a high pb to record a characteristic rupture event is expected. b) Without
any inuenza proteins immobilized on the support, the ligand is not supposed to bind to
the support and a diminishing pb is expected. c) If competitive binders, which block the
binding pocket of the proteins are introduced to the setup, binding will be suppress and pb
will be reduced. d) An alternative, OH displaying ligand is assumed to show no specic
adhesion to the inuenza proteins. e) and f) A force-separation curves either show (e))
binding events or not (f)).
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surface immobilized viral proteins was determined in the presence of, or after incubation
of the surface with, alternative binders. Free sialic acid and oseltamivir were used as
the alternative binders.
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Results and Discussion
This chapter will present the experimentally obtained results and discuss their physical
origins and biological implications with regard to multivalent protein-ligand interac-
tions. It is organized as follows: The rst section will focus on the immobilization
and the visualization of the viral proteins HA and NA on solid supports, using the
technique of metal-chelate complexes and SFM imaging. In this section, SFM images
of surface immobilized proteins obtained in buer solution will be shown. Surface
characteristics, such as homogeneity of the coating and density of proteins, will be
analyzed. Additionally, inuenza virions will be detected on self-assembled monolayers
and their distributions over the surface will be revealed. In section 4.2 the results
obtained using SMFS will be presented. The rupture forces will be shown that were
measured for the interaction of the SA terminated ligand SAPEGLA with hemagglu-
tinin and neuraminidase of the type H1N1 and their dependence on the applied rate
of force loading will be discussed in the framework of the KBE model and the more
recent FDYN model. The analysis will reveal that the determination of the kinetic
parameters of sophisticated biomolecular interactions requires knowledge of the full DFS
over a broad range of loading rates. In addition to kinetic and energetic parameters
that can be derived from the DFS, the association of protein-ligand complexes will be
illustrated with respect to determination of chemically relevant equilibrium parameter,
i.e. the dissociation constant. The multivalent aspects of intermolecular bonds will be
illuminated in section 4.3. Firstly, the simultaneous dissociation of multiple SAPEGLA
bonds is analyzed. Secondly, the kinetics of the dendritic ligand dPGSA will exemplify
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truly multivalent enhancement of binding strength. Finally, the biological implications
of kinetic and energetic parameters of the protein-ligand interaction will be discussed
with regard to viral transmissibility and infectivity.
4.1 Immobilization and Imaging Using SFM of
Viral Proteins and Virions
4.1.1 The Viral Proteins HA and NA
Self-assembly is a reliable tool to generate surfaces with desirable functionality. The
high anity between certain chemical moieties promotes the stable attachment of
sample molecules in a dened orientation, which is convenient for SMFS. Throughout
this study, the viral proteins HA and NA were immobilized on glass surfaces. This
was achieved by forming a metal-chelate complex between nitrilotriacetic acid (NTA),
which was linked to the glass surface, and a poly-histidine tag, that had been included
into the sequences of the proteins. This section will now demonstrate the eectiveness
of the method of immobilization.
SFM imaging was used to characterize the glass surfaces both prior to and after
incubation with HA or NA. In order to precisely characterize the structure and ori-
entation of the proteins, the topography of the NTA-coated glass surface (NTA-GS)
was analyzed prior to incubation with proteins. This was necessary, since the clean
uncoated surface needs to be known in order to dierentiate between the immobilized
proteins and the background. A characteristic image of the NTA-coated glass surface is
shown in Figure 4.1 a).
The image has a lateral size of 5  5m2 and reveals a surface that is smooth over
large areas, but also displays multiple protrusions of indistinctive shape, size and height.
These irregular protrusions were present on all analyzed NTA-GS, even when slides from
several dierent batches were tested. It was concluded that these inhomogeneities were
caused during the production. In addition, they could not be removed, by subsequent
rinsing of the glass slides with PBS buer. In order to prevent further contamination
or degradation of the surfaces, more aggressive cleaning agents or procedures were not
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used.
As expected, the surface topography changes signicantly after incubation of the
NTA-GS with the viral proteins HA and NA of the inuenza strain A/ California
/04/2009pdm (H1N1). A contrasting juxtaposition of the three dierent types of
samples is shown in Figure 4.1. The scan size is also 5  5m2 in the images showing
NA (H1N1) (Figure 4.1 c)) and HA (H1N1) (Figure 4.1 e)). The gure illustrates
that incubation of the NTA-GS with the viral proteins results in attachments between
the viral proteins and NTA that are suciently stable to withstand rinsing and the
forces that occur during scanning. In Figure 4.1 b), d), f) an overlap of three proles
for each surface topography is shown. The proles clearly demonstrate the increase in
surface roughness as a result of protein immobilization. The proles also indicate that
the height of HA (H1N1) on the surface, hHA(H1N1)  12nm, is greater than that of
NA (H1N1), with hNA(H1N1)  7nm. Even though the NA (H1N1) - coated NTA-GS,
which is shown in Figure 4.1 c), and the HA (H1N1) - coated NTA-GS, which is shown
in Figure 4.1 e), are similar in that their surface topographies are higher compared to
the uncoated NTA-GS, they dier in the way the viral proteins arrange on the surface.
While the NA is distributed in rather homogeneously over the surface, the HA builds
up aggregates. Nevertheless, the images provide good evidence that the viral proteins
can be immobilized on the NTA-GS. Since it has now been demonstrated that the
technique of metal-chelate complexes is well suited to immobilize his-tagged proteins,
the coating of NTA-GS with HA (H1N1), or respectively NA (H1N1), will be further
analyzed. This intends to provide a deeper understanding of the surface properties,
such as protein density.
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Figure 4.1 { SFM images of the NTA surface before and after incubation with
NA and HA of the type H1N1: All images were taken with a Multimode 8, using a
tip of the type SNL. The size of the images is 5  5m2. Colored lines indicate positions
of the proles shown below each image. a) The NTA surface is rather smooth. b) Three
proles taken from the NTA surface. c) After incubation with NA (H1N1) the surface is
covered with small particles with a height of  6  8nm. d) Three proles taken from the
NA (H1N1) covered surface. e) After incubation with HA (H1N1) the surface is covered
with small particles with a height of  10  20nm. f) Three proles taken from the HA
(H1N1) covered surface.
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Hemagglutinin of the type A/California/04/2009pdm (H1N1)
As mentioned in chapter 3, cantilevers with ultra-sharp tips designed for high resolution
SFM were used for detailed imaging of the viral proteins. A representative SFM image
displaying the topography of NTA-GS coated with HA (H1N1) is shown in Figure 4.2.
The size of the image in Figure 4.2 a) is 3  3m2 and the color scale represents a
height between 0 13nm. It clearly shows that the surface is fully covered with proteins.
The proteins show up as small dots that are distributed over the surface. Even though
some aggregates, especially in the upper right corner of the image, are visible, most of
the proteins have similar shape and size. A more detailed view is given in Figure: 4.2
b). The size of the image is 1  1m2 and the color scale represents a height between
0   10:2nm. It can clearly be seen that the HA (H1N1) attach individually to the
surface and are uniformly spaced. Figure 4.2 b) shows that the NTA-GS surface is not
completely packed with proteins. Instead, the individual proteins are separated from
another by distance of roughly 30nm. This enables the tip of the SFM cantilever to
scan not only the topographical features given by the head domains of the HA (H1N1),
but also to reach the NTA-GS surface between two neighboring proteins and therefore
to probe the actual height of HA (H1N1). A small scale image of HA (H1N1) is given in
Figure 4.2 c) together with the proles of six randomly selected individual HA (H1N1).
The image shows that HA (H1N1) appear as particles of similar shape and size. HA
(H1N1) of which the proles were taken are marked with colored circles. The proles
were measured across the maximum of the particle and the concatenated data of all
proles was tted with a Gaussian t. For a better illustration, the proles and the plot
of the t function were horizontally oset so that the peak of the t function is at a
lateral distance of 0nm. The Gaussian t returns a height of hHA(H1N1) = 13:5 0:2nm
(error accounts for standard error) and a standard deviation of HA(H1N1) = 10nm.
The height corresponds well to literature values [162], as was illustrated in chapter 2.
This is good evidence that the HA (H1N1) are immobilized in an upright orientation.
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Figure 4.2 { SFM images of HA (H1N1) immobilized on NTA surface and
corresponding topography proles: a) The image with a scan size of 3  3m2 shows
that the NTA surface is densely covered with HA (H1N1). b) The image with a scan
size of 1  1m2 shows that HA (H1N1) is distributed homogeneously. Surface density is
 1  103m 2. c) A high resolution SFM image with a size of 0:5  0:5m2 is shown.
The image was taken with a Multimode 8 (Bruker) using an ultra sharp tip of the type
PEAKFORCE-HIRS A. Six individual HA (H1N1) are highlighted by colored circles. d)
The topographic proles of the HA (H1N1) highlighted in c) are shown as scatter plots.
The solid red line represents the best t to the concatenated data by a Gaussian function.
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Neuraminidase of the type A/California/04/2009 (H1N1)
In the same way the HA (H1N1) was identied on the NTA-GS, the immobilization
of the NA (H1N1) will now be analyzed. In order to achieve a better resolution and
reduce the impact of tip artifacts, the ultra-sharp cantilevers were used, as previously
described. A characteristic image of the surface topography after incubation with NA
(H1N1) is shown in Figure 4.3 a).
The size of the image is 5  5m2 and the color scale from black to white represents
a height of 0   15nm. Similar to the previously described immobilized HA (H1N1),
the NA (H1N1) seems to adhere to the NTA-GS well, but it also forms aggregates
of various shapes and sizes on the surface. Nevertheless, on several regions of the
image a homogeneous coating with particles of similar shape and size can be seen.
An image, typical for these areas is shown in Figure 4.3 b). The size of the image is
1  1m2 and the color scale from black to white represents 15nm. The appearance of
the homogeneously shaped and distributed particles is a good indication that single NA
(H1N1) were immobilized. In order to analyze the shape and size distribution of the
immobilized NA (H1N1) further, SFM images were taken at a smaller scale. Such an
image is shown in Figure 4.3 c). The size of the image is 0:5  0:5m2 and the color
scale represents a height of 10nm. It can clearly be seen that the individual NA (H1N1)
are homogeneously shaped and separated from another. In Figure 4.3 d) the proles
of six randomly selected NA (H1N1) are shown as colored dots. The NA (H1N1) of
which the proles were taken are color coded in the SFM image. The proles overlap
well, supporting the assumption that particles of the same type were immobilized. The
concatenated date of all proles were t with a Gaussian function. The t returned
a height of hNA(H1N1) = 5:8 0:3 (error accounts for standard error) and a standard
deviation of NA(H1N1) = 2:9. The value of the height corresponds well to those reported
in literature. Therefore, it is concluded that NA (H1N1) were immobilized on NTA-GS
in an upright orientation.
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Figure 4.3 { SFM images of NA (H1N1) immobilized on NTA surface and
corresponding topography proles: a) The image with a scan size of 3  3m2 shows
that the NTA surface is densely covered with NA (H1N1). b) The image with a scan
size of 1  1m2 shows that NA (H1N1) is distributed homogeneously. Surface density is
 1  103m 2. c) A high resolution SFM image with a size of 0:5  0:5m2 is shown.
The image was taken with a Multimode 8 (Bruker) using an ultra sharp tip of the type
PEAKFORCE-HIRS A. Six individual NA (H1N1) are highlighted by colored circles. d)
The topographic proles of the HA (H1N1) highlighted in c) are shown as scatter plots.
The solid red line represents the best t to the concatenated data by a Gaussian function.
50
4.1. IMMOBILIZATION AND IMAGING OF VIRAL PROTEINS AND VIRIONS
In order to give further proof that HA (H1N1) and NA (H1N1) were immobilized in
the desired orientation, i.e. upright with the active head domain accessible for molecular
interaction, the height and width of  100 HA (H1N1) and NA (H1N1) were measured.
The measured values were binned into histograms, that are depicted in Figure 4.4.
Figure 4.4 { Histograms showing the distributions of height and width for HA
and NA respectively: a) The gure shows the distribution of the height and width of HA
(H1N1) proteins. The distributions were determined from the analysis of 50 individual,
randomly selected proteins. b) The gure shows the distribution of the height and width of
NA (H1N1) proteins. The distributions were determined from the analysis of 51 individual,
randomly selected proteins.
Fitting the histograms with Gaussian functions returned for HA (H1N1) a height of
hHA(H1N1) = 12:8 1:9nm and a width of wHA(H1N1) = 30:9 4:0nm, while the height
of NA (H1N1) was hNA(H1N1) = 7:4 1:5 and the width was wNA(H1N1) = 21:4 6:7nm.
The height of HA (H1N1) and NA (H1N1) corresponds well to values reported in
literature. However, this does not apply to the width of either of the two proteins.
Typical values of the width of HA (H1N1) are expected around  4nm. For NA (H1N1),
a width of  5nm is expected. This deviation by a factor of 5   6 can be explained
is, for one, caused by the typical broadening of lateral features by the tip of the SFM
probe. Since the geometry of the tip is known, the eect of tip broadening can be
calculated and the true width of the immobilized proteins can be approximated. From
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Table 4.1 {Measured and calculated values of the height and width of HA and
NA: The measured values were obtained from the histograms shown in Figure 4.4. These
values were corrected by including the eect of tip broadening.
Protein hmeasured wmeasured wcorrected hLiterature wLiterature
nm nm nm nm nm
HA (H1N1) 12:8 1:9 30:9 4:0 20 13:5 4
NA (H1N1) 7:4 1:5 21:4 6:7 15 6 5
geometrical considerations Equation 4.1 for the corrected width w follows.
w = wmeasured   2f(hprotein   rtip) tan + rtipg (4.1)
Equation 4.1 yields a corrected width for HA (H1N1) of  20nm and for NA (H1N1)
of  15nm. In both cases the corrected width is still too broad. This discrepancy is
assumed be caused through thermal uctuations of the immobilized proteins. Addition-
ally, the actual opening angle of the tip is expected to be wider in the experiment than
the value given by the manufacturer, since the cantilever is typically mounted in the
SFM in a tilted position. The measured and calculated values for the height and width
of HA and NA are summarized in Table 4.1.
Neuraminidase of the type A/Aichi/2/1968 (H3N2)
Immobilization and imaging of the NA (H3N2) of the IV strain A/Aichi/2/1968 (H3N2)
was achieved with the same procedure previously described for the HA and NA of
the IAV strain California/04/2009 (H1N1). As expected, after incubation with NA
(H3N2) proteins, the topography of the NTA-GS showed similar features as seen after
incubation with NA (H1N1) proteins. Since the NA (H1N1) and the NA (H3N2) are
almost identical in their geometrical appearance and only dier by just a few amino
acids, the SFM will not be able to dierentiate between the two proteins. A typical
image of NA (H3N2) immobilized on NTA-GS is shown in Figure 4.5.
The NA (H3N2) cover the NTA-GS well with an inter-protein distance of  144nm,
as can be seen in Figure 4.5 a). The proles of six randomly selected NA (H3N2)
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Figure 4.5 { Selection of individual NA (H3N2) and corresponding proles:
a) A high resolution SFM image with a size of 0:5  0:5m2 is shown. The image was
taken with a Multimode 8 using a tip of the type SNL. Six individual NA (H3N2) are
highlighted by colored circles. b) The topographic proles of the NA (H3N2) highlighted in
a) are shown as scatter plots. The solid red line represents the best t to the concatenated
data by a Gaussian function. Proles were oset by a constant value so that the oset of
the t function is  0.
are shown in Figure 4.5 b). The proles overlap well, indicating that the individual
proteins are of the same type. A Gaussian t is used to determine the height and
width of the NA (H3N2) from the concatenated data. The t returns a height of
hNA(H3N2)  7:6 0:3nm with a standard deviation of NA(H3N2)  5:8 0:3nm. The
height is in good agreement with values reported in literature [163]. Hence, it is assured
that the NTA-GS allows the immobilization of his-tagged proteins through metal chelate
complexes using Ni2+ - ions.
4.1.2 The Inuenza Virus A/Aichi/2/1968 (H3N2)
The binding strength and anity of SA displaying ligands was not only probed for the
interaction of the ligands with single proteins but also with whole virions of the strain
A/Aichi/2/1968 (H3N2). Using virions has the advantage that the viral proteins NA
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and HA are embedded in the viral membrane and, therefore, their natural state and
activity is most likely preserved. The immobilization of the virions was achieved though
coupling of the virions to a self-assembled monolayer (SAM) of mercaptohexadecanoic
acid alkali thiols on a gold 111 surface. The incubation of the SAM with virions allows
the virions to adhere to surface, where they become immobilized. A typical image,
characteristic for a SAM with immobilized virions, is shown in Figure 4.6. The image
shows that the SAM is covered with particles of spherical shape after incubation with
virions. The particles have a height of  70  120nm. Even though not all IV particles
are always spherical, a diameter of  100nm has been conrmed by Boettcher and
colleagues using TEM imaging [83]. This illustrates clearly, that the virions adhere well
to the surface and form a dense coating.
Figure 4.6 { IV virions (H3N2) immobilized onto Au-111: a) The image shows
the typical topography of the Au111 surface after immobilization with IV virions (H3N2)
. The image size 5  5m2 and the color scale represents 200nm. Virions show up as
quasi-spherical particles with a height of  70  120nm. The surface is densely covered.
b) The image shows the prole of the virion highlighted by the colored circles in a). The
height agrees well with previously reported values [83]
.
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4.2 Single Molecule Force Spectroscopy
In the previous section, section 4.1, it was shown that viral proteins, as well as full
virions, were successfully immobilized on solid substrates. Such an immobilization is
essential for the ensuing measurements of binding kinetics. These binding kinetics will
be presented and discussed in the upcoming section, which is organized as follows. To
begin with, the aspects of the specicity and the valency of the interactions will be
illuminated. To this end, the specicity will be conrmed in a competitive binding
assay. Such a competitive binding assay might also inspire high throughput inhibitor
tests. The aspect of valency will be covered with a theoretical approach that uses the
Poisson statistics of bond formation. Secondly, the dynamic force spectra of NA-SA
and HA-SA will be analyzed for HA and NA of the type H1N1. Hereby, two models of
bond dissociation under force will be examined. The rst model is the classic Kramers-
Bell-Evans (KBE) model and the second model is the Friddle-Noy-De Yoreo (FNDY)
model [128, 147]. From the force spectra, the kinetic parameters of the underlying
dissociation will be derived. Following the description of dissociation, the stability
of the HA (H1N1) - SA and NA (H1N1) - SA bonds will be investigated through
an analysis of the association rate and determination of the dissociation constant. It
will be shown that force spectroscopy can provide valuable insight into the stability
of biomolecular bonds, but also that care must be taken to not over-interpret the
quantitative results. Thirdly, the kinetic characteristics of multivalent protein-ligand
interactions will be studied. Hereby, it will be dierentiated between the dynamics of
uncorrelated and correlated bonds. Uncorrelated bond rupture occurs when multiple
ligands of the type SAPEGLA ligands unbind simultaneously. Correlated bond rupture
occurs when a single dendritic ligand (dPGSA) binds with several functional groups
to multiple neighboring ligand binding domains. Experimental data will be shown for
the viral strain X-31 A/AIchi/2/1968 (H3N2). Finally, the experimentally obtained
characteristics of the dissociation and association will be interpreted in the biological
context of viral infectivity and transimissibility.
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4.2.1 Specicity of Rupture Forces
Force spectroscopy suers from a severe drawback. At no time during the experiment
can the actual interaction be witnessed directly. Rather, the observer has to rely on
secondary eects to decide whether a force-separation cycle describes receptor-ligand
interaction or is the result of unspecic artifacts. An example for such secondary
eects is the characteristic unfolding under force of the polymeric tethers that link the
ligand to the SFM tip. The saw-tooth shaped stretching curve that is obtained when
polymeric tethers, such as polyethylene glycol, are used is a valuable tool for identifying
the molecular interactions of interest. An unbinding event specic for receptor-ligand
interaction should not only show the characteristic stretching of the polymer but also
bond rupture has to occur within a tip-sample separation smaller than the maximum
length of the tether. The PEG tether used for the design of SAPEGLA and dPGSA
has a contour length of about 40nm. Figure 4.7 shows that the bond rupture occurs
at a tip-sample separation of about 12nm and more than 60% of all events lie within
the contour length of the tether. This is a good indication that the ligands bind to the
viral proteins.
Even though it provides a well-dened ngerprint, it is not yet sucient to ensure
the desired interactions are detected. This is due to the fact, that the ngerprint only
indicates that the ligand on the SFM tip has bound to some part of the surface prior to
bond rupture. However, it makes no assumption regarding to which part of the surface
the ligand was attached. Without further experimental evidence, it cannot be excluded
that the ligand bound unspecically to the surface instead of binding to the surface
immobilized proteins. Therefore, additional control experiments have to be performed
to ensure that only specic events contribute to the measured distributions of force and
loading rate.
These control experiments are based on a simple statistical approach that is outlined
in the following. In general, two distinct kinds of events can occur in a force-separation
cycle. Either the retraction trace shows a characteristic rupture event or not. The
latter includes not only cases where no adhesion force at all was detected and therefore
the retraction trace follows the approach trace, but also those where the adhesive force
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Figure 4.7 { Distribution of tip-
sample separation at bond rupture:
Bonds rupture at dierent tip-sample sep-
arations (TSS). The TSS at bond rupture
is used to lter the unbinding events. Un-
binding events occurring at a TSS larger
than the contour length of the PEG tether
are eliminated from the analysis. Panel a)
shows the distributions of the TSS at bond
rupture of the HA (H1N1) - SAPEGLA
and NA (H1N1) - SAPEGLA bonds. Panel
b) shows the cumulative distribution func-
tion of the TSS at bond rupture of the HA
(H1N1) - SAPEGLA (red curve) and NA
(H1N1) - SAPEGLA (blue curve) bonds.
The dashed, vertical line shows the cut o
distance set by requiring the TSS be less
than or equal to the contour length of the
PEG tether. The most probable TSS is
about 12nm.
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increases linearly with the tip-sample separation. This latter case can be attributed
to adhesion of the tip to the surface. By performing a suciently high number of
force-separation cycles, it becomes possible to calculate the probability of the occurrence
of a characteristic rupture event. This probability is called the binding probability pb
and is derived from
pb =
Nevents
Ntotal
(4.2)
where Nevents is the number of characteristic events and Ntotal is the total number of
recorded force-separation cycles. The binding probability needs to be determined not
only for the case where the experimental setup includes the receptor and the ligand that
are to be studied, but also for the case when either of the two interaction partners is
omitted or replaced by an alternative binder. Such an alternative binder must not have
a specic anity towards the remaining partner. Additionally, the binding probability
should be determined for an experimental setup where the formation of a receptor-ligand
bond is suppressed by a competitive binder. In the case of viral proteins, competitive
binders can also be called inhibitors.
In order to determine pb for the dierent scenarios, which are displayed in Figure 3.3,
the force-separation measurements were generally conducted by approaching the SFM
tip towards the support until the predened setpoint of  100pN was reached, followed
by immediate retraction. No additional contact time for molecular interaction was
given. Under these condition, the pb of the ligand SAPEGLA forming a bond with the
Ni2+ NTA surface was  3%. When the experiment was repeated after the surface had
been incubated with hemagglutinin, the probability of recording an unbinding event was
similar, with pb  4%. The probability of SAPEGLA interacting with neuraminidase
was comparable, with pb  4%. Since the likelihood of recording unspecic events
was as high as recording a specic rupture of the protein-sialic acid bond, the surfaces
could not be used without further modication. In numerous biochemical applications,
including enzyme-linked immunosorbent assay, immunohistochemistry and western
blots unspecic adsorption of proteins and protein interactions are blocked using bovine
serum albumin (BSA) [164]. BSA is a serum albumin protein derived from cows, that
is stable under most experimental conditions and moderately non-reactive. Therefore,
it can be used to inhibit unspecic interactions and reduce the background in the
58
4.2. SINGLE MOLECULE FORCE SPECTROSCOPY
force distributions [144]. Nevertheless, the possibility that the BSA interacts with the
inuenza proteins and prevents interaction with sialic acid must be excluded. When the
Ni2+  NTA surface had been incubated with a solution of 1mg=ml BSA in PBS for
0:5h prior to recording force-separation cycles, the probability of SAPEGLA interacting
with the surface dropped to pb  1%. When inuenza proteins were immobilized on the
Ni2+  NTA surface, followed by the incubation with the same BSA blocker solution,
a signicantly higher pb was determined. For SPEGLA the probability was pb  4% for
the interaction with either HA or NA. This demonstrates, on the one hand, that BSA
is indeed suitable to reduce unspecic interaction of SAPEGLA with the surface. On
the other hand, it shows that the BSA does not bind to the ligand binding domain of
either HA or NA and therefore does not interfere with the measurement of the rupture
forces of the protein-ligand complexes.
After the inuence of the surface had been successfully reduced, further tests of
the specicity of the detected rupture events were made. The test included probing
the anity of the control molecule OHPEGLA to either HA or NA, as well as probing
the anity of the ligand SAPEGLA in the presence of or after the incubation of
the inuenza proteins with competitive binders. As a competitive binder 4-amino-
Neu5Ac2en (5-acetylamino-2,6-anhydro-4-amino-3,4,5-trideoxy-D-galacto-non-2-enoic
acid) was chosen. Neu4Ac2en is one of the few commercially produced neuraminidase
inhibitors and is commonly known as oseltamivir carboxylate (OTV). It has previously
been shown by Narayan and colleagues [165], that Neu4Ac2 binds to neuraminidase
with a signicantly higher anity than sialic acid. Therefore, it was assumed that after
the incubation of the surface immobilized neuramindiase further binding of the ligand
SAPEGLA would be inhibited. As a second competitive binder 2,6-sialylactose (6-SAL)
was used. The anity of 6-SAL to hemagglutinin can be considered to be rather low,
according to McCullough and colleagues [166]. Nevertheless, it can be expected to
prevent binding of the ligand SAPEGLAA, if its concentration is high enough. The
summary of these tests can be seen in Figure 4.8 a).
As predicted, Neu4Ac2en inhibited neuraminidase well and prevented further binding
of the sialic acid on the ligand. The pb dropped to approximately 1=4 of the pb before
incubation with the inhibitor. When hemagglutinin was incubated with Neu4Ac2en,
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the pb was only marginally reduced. This indicates that Neu4Ac2en does not have a
signicant inhibitory eect on hemagglutinin. This is a reasonable assumption, since
Neu4Ac2en is specically designed to match the binding pocket of neuraminidase. When
the surface immobilized hemagglutinin was incubated with 6-SAL and the slides were
rinsed with PBS buer solution prior to measuring the rupture events, it did not reduce
the pb. When the measurements were repeated without rinsing the slide, the pb was
again reduced. Hence it seems, that even though 6-SAL only interacts weakly with
hemagglutinin and can easily be removed, its anity is still sucient to inhibit the
attachment of SAPEGLA, as long as a suciently high concentration is provided in the
solution.
Figure 4.8 { Competitive binding assay and valency according to the Poisson
distribution: a) The binding probability of SAPEGLA to HA or NA is higher than that
of OHPEGLA. After adding a competitive binder, the binding probability of SAPEGLA to
HA or NA is reduced. The comparison of the binding probabilities proves the specicity of
the interaction of SAPEGLA with the viral proteins. b) The fraction single and multivalent
unbinding events of an ensemble of force-separation curves was calculated according to the
Poisson statistics. With higher overall binding probability, the likelihood, of multibinding
increases.
The competitive binding assay shows clearly that the ligand SAPEGLA is interact-
ing specically with inuenza proteins hemagglutinin and neuraminidase. Common
inhibitors prove to be eective in preventing protein-ligand interactions. The exper-
iments also show that binding of the ligand to the surface in a way that cannot be
characterized is still possible and background noise, caused by unspecic rupture events,
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will be inevitable in SMFS. Nevertheless, the immobilization of the inuenza proteins
by complexation of their polyhistidine tag with Ni2+  NTA in combination with the
functionalization of the SFM tips with SA, through thiol-gold bond formation is suitable
to detect specic protein-ligand interactions.
In order to derive kinetic parameters from DFS experiments, it is not only important
to ensure the specicity of detected unbinding events, but also discriminate between
the rupture of single and multiple receptor-ligand bonds. To this end, it is desirable to
functionalize the receptor displaying surface and the ligand presenting force probe in
such a way that only the desired number of bonds can from on probe-surface contact. If
only single rupture events are to be studied, the grafting density of molecules on surface
and force probe should be kept low. This cannot always be achieved and the detection
of multi-bond rupture cannot be excluded. This is especially true when the contact
between the force probe and the surface is maintained for longer time spans. The longer
contact times will eventually lead to the formation of multiple receptor-ligand bonds.
These multi-bonds can rupture simultaneously upon retraction of the force probe. Such
a simultaneous rupture is dicult to dierentiate from single bond rupture events. The
likelihood of detecting single- or multi-bond rupture events can be estimated using
Poisson statistics, as it was described by Johnson and colleagues [167]. Following their
approach, the probability for single binding Pn=1 at a given overall binding probability
pb is calculated from
Pn=1 = (pb   1) ln (1  pb) (4.3)
Consequently, the probability for the formation of multiple bonds Pn6=1 is
Pn6=1 = pb   Pn=1 (4.4)
The ratio of Pn=1 to pb denes the accuracy A of detecting single bond interactions.
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A =
Pn=1
pb
=
(pb   1) ln (1  pb)
pb
= ln
h
(1  pb)1 
1
pb
i (4.5)
The theoretical dependencies calculated from Equations 4.3, 4.4 and 4.5 are shown
in Figure 4.8 b). The gure shows that for small binding probabilities, i.e. pb < 0:7,
the probability of forming of a single bond is higher than that of multiple bonds. In
the case pb  0:04 the possibility of detecting a single bond is approximately 50 times
higher than detecting multiple bonds. This means that the low binding probabilities
increase the likelihood of detecting single bond rupture events.
4.2.2 Dynamic Force Spectroscopy
The preceding section has shown that experimental setup is well suited to allow the
measurement of specic protein-ligand interactions. This section is now dedicated to the
description and analysis of the underlying rupture forces and the dynamic force spectra
(DFS) that are obtained for the interaction of either HA or NA with SA. The dynamic
force spectra, which illustrate the dependence of inter-molecular rupture forces on the
rate of applied force loading, are the key to the extraction of the kinetic parameters
of the protein-SA complex [168]. To begin with, the DFS will be analyzed in the
framework of the most commonly applied Kramers-Bell-Evans (KBE) model. This
approach, at rst, is appropriate, since the KBE model is considered as the standard
model to analyze DFS. Discrepancies between the extracted DFS and the predictions
by the KBE model will be discussed. In the second part of the section, the DFS will
be analyzed in the framework of the model developed by Friddle, Noy and De Yoreo
(FNDY). It will be shown that the FNDY model provides an adequate description of
the data and that it is justied to use the FNDY model for the analysis of further force
spectra.
In order to obtain the dependence of the rupture forces over a wide range of loading
rates, rupture forces were measured for several distinct retraction speeds in the range
of 0:1  10m
s
. By increasing the speed of retraction of the SFM tip, the rate of applied
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Figure 4.9 { Characteristic force-separation curves for HA (H1N1) -
SAPEGLA and NA (H1N1) - SAPEGLA are displayed: For the sake of clarity,
only retraction traces are displayed. All curves show the characteristic saw-tooth shaped
peak, indicating specic binding of the ligands. a) HA (H1N1) - SAPEGLA is shown.
b) NA (H1N1) - SAPEGLA is shown. Compared to HA (H1N1) - SAPEGLA, the rup-
ture forces determined for NA (H1N1) - SAPEGLA are similar at low retraction speeds,
vpulling < 1m=s. At higher speeds, vpulling > 1m=s, NA (H1N1) - SAPEGLA ruptures
at lower forces.
force loading is increased. As mentioned in Chapter 3, Methods, up to several hundred
force separation cycles showing characteristic rupture events were collected for each
pulling speed. Representative examples of these curves are shown in Figure 4.9.
All example curves clearly show the saw-tooth shaped peak. The curves also
overlap to a high degree, as it is expected from the stretching behavior of similar
polymeric tethers. Additionally, all exemplifying curves have in common, that the bond
rupture, indicated by the instantaneous relaxation of the cantilever, occurs at a tip-
sample separation that is below the contour length of the PEG tether, TSSbondrupture <
lc(PEG) = 40nm. This, together with the competitive binding assay that was described
in Section subsection 4.2.1, leads to the conclusion that the displayed rupture events
result from specic protein-ligand unbinding. The rupture forces were obtained from
tting the saw-tooth shaped peak with the FJC model as described in chapter 3. As
expected from the KBE model, the force at which the bond ruptures increases with
higher retraction speeds. When the rupture forces of HA (H1N1) - SAPEGLA are
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compared with the ones determined for NA (H1N1) - SAPEGLA, it can be seen that
the rupture forces are fairly similar at low retraction speeds. On the other hand, at
high speeds, HA (H1N1) - SAPEGLA ruptures at higher forces. The rupture forces
for each pulling speed were binned into histograms. Examples of these histograms are
displayed in Figure 4.10 for HA (H1N1) - SAPEGLA. At the lowest pulling speeds the
rupture forces were  20pN . At the highest pulling speeds the rupture forces of the
NA (H1N1) - SAPEGLA bond reached  60pN , while the rupture forces of the HA
(H1N1) - SAPEGLA bond reached  90pN .
Typically, all distributions have a similar appearance with a well-dened peak at
lower forces and a shoulder at higher forces. This behavior deviates from the predicted
classical KBE model. As shown in the Fundamentals, for a constant rate of force
loading, the KBE model predicts a force distribution with a tail at low forces and a
steep decline at high forces. The forces contributing to the rst peak are assigned to
the single bond interactions. The forces that build up the shoulder are assumed to
be the result of two dierent eects. On the one hand, the few remaining, inevitable
interactions of the ligand with the surface will contribute to an overall background force.
On the other hand, binding of multiple ligands and their almost simultaneous rupture
upon tip retraction cannot be completely neglected. The probability density function
(PDF) that provides the theoretical distribution of rupture forces is approximated by
applying a multi-modal Gaussian t to the histograms. The ts determine the most
probable rupture force, which is the maximum of the PDF, and the standard deviation.
The standard deviation characterizes the spreading of rupture forces as a result of the
stochastic nature of the rupture process, as described in chapter 2.
Example of the distributions of the critical loading rates, that correlate with the
rupture forces are shown in Figure 4.11.
The critical loading rates, that were extracted from the slope of the FJC t to
the saw tooth of the force-separation curve, show broad distribution. This illustrates
the inuence of polymeric tethers on the DFS. Nevertheless, the distributions have a
well-dened peak. To extract the most probable loading rate, the histograms are tted
with multi-modal Gaussian functions.
In the same fashion, NA (H1N1) - SAPEGLA was studied. Typically obtained
64
4.2. SINGLE MOLECULE FORCE SPECTROSCOPY
Figure 4.10 { Distributions of rupture forces obtained for HA (H1N1) -
SAPEGLA: The distributions are typically characterized by a distinct peak at low forces
and a shoulder at higher forces. The peak at low forces is assumed to be the result of single
bond rupture. In several cases the shoulder resembles the shape of a second peak. Forces
of the second peaks tend to match multiples of the single bond peak. The distribution at
dierent retraction speeds show that the most probable rupture forces of the single bond
interactions increase with increasing retraction speed.
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Figure 4.11 { Distributions of critical loading rates obtained for HA (H1N1)
- SAPEGLA The distributions are typically characterized by a distinct peak at low
loading rates and a shoulder at higher loading rates. Distributions are tted with bi-modal
Gaussian functions to derive the most probable critical loading rate.
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distributions of the rupture forces are shown in Figure 4.12, while the corresponding
distributions of the critical loading rates are shown in Figure 4.13. With the deter-
mination of the most probable forces at the most probable critical loading rates for a
broad range of pulling speeds, the DFS can be plotted. The spectra are illustrated in
Figure 4.14.
The force histograms Figures 4.10 and 4.12 show that the measured rupture forces
are small, especially in the case of low pulling speeds. This raises the question, whether
these forces are truly intrinsic of the underlying molecular unbinding process or whether
they are overlaid by the instrumental and statistical noise [169]. For a typical setup
for force spectroscopy experiments, there is a force threshold that limits the range of
detectable forces. If modern instrumentation is used, the instrumental noise, i.e. the
Johnson noise, is minimal [170, 171]. Therefore, the limiting noise is determined from
the thermal uctuations of the SFM cantilever. Typical force spectra are recorded at
pulling speeds between 0:1   10m=s and the force probe moves over a distance of
 1m during approach and retract. This results in a measurement frequency between
0:1   10s 1. In this context, the measurement frequency describes the frequency, at
which force-separation curves are measured. It is the reciprocal of the duration of one
complete force-separation cycle. This measurement frequency is approximately three
orders of magnitude smaller than the fundamental resonance of the SFM cantilevers,
used in the experiments. As a result, the RMS noise F becomes a function of the
thermal energy kBT , the spring constant kc and the angular resonance frequency !0 of
the cantilever [169].
F =

4kBTkcB
!0Q
1=2
(4.6)
Here B is the detection bandwidth and Q the quality factor. The bandwidth depends
linearly on the pulling velocity vpull and the density DN of recorded data points per
travel distance. With B = vpullDN=2 the dependence of F on vpull can be calculated.
F =

2kBTkcDN
!0Q
vpull
1=2
 v1=2pull (4.7)
In order to compare the experimental data with the force threshold, the RMS noise
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Figure 4.12 { Distributions of rupture forces obtained for NA (H1N1) -
SAPEGLA: The distributions are typically characterized by a distinct peak at low forces
and a shoulder at higher forces. The peak at low forces is assumed to be the result of single
bond rupture. In several cases the shoulder resembles the shape of a second peak. Forces
of the second peaks tend to match multiples of the single bond peak. The distributions at
dierent retraction speeds show that the most probable rupture force of the single bond
interactions increases with increasing retraction speed.
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Figure 4.13 { Distributions of critical loading rates obtained for NA (H1N1) -
SAPEGLA: The distributions are typically characterized by a distinct peak at low loading
rates and a shoulder at higher loading rates. Distributions are tted with multi-modal
Gaussian functions to derive the most probable critical loading rate.
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was calculated for the OBL cantilever. For the spring constant, the nominal value of
30mN=m was used. The resonance frequency and quality factor were determined from
the thermal noise spectrum of the cantilever in PBS buer. This returned !0 = 10kHz
and Q = 2. The nal force threshold levels were calculated for a signal-to-noise
ratio (SNR) of SNR = 1 as well as SNR = 4 and are shown in Figure 4.14 a)
together with the most probable rupture forces of the HA (H1N1) - SAPEGLA and NA
(H1N1) - SAPEGLA rupture events. The gure illustrates that the rupture forces, that
were determined from the force histograms, are well above the force threshold of the
experimental setup. This holds even for a signal-to-noise ratio of SNR = 4. Therefore,
the pulling speed dependent RMS noise does not interfere with the analysis of the
protein-ligand bonds.
Figure 4.14 { Dynamic force spectra, the noise induced force threshold and
the strength of histag  Ni2+  NTA: a) The DFS of the HA (H1N1) - SAPEGLA
(red) and NA (H1N1) -SAPEGLA (blue) interaction are shown along with the velocity
dependent detection limit, which limits the detection of rupture events. The detection limit
was calculated for a signal-to-noise ratio of SNR = 1 (cyan) and SNR = 4 (green). All
of the rupture forces (SD) are well above the detection limit, even for SNR = 4. b)
The most probable rupture forces of the protein-SAPEGLA bonds are shown in relation
to the bond strength that was measured for histag   Ni2+   NTA bonds by Verbelen
and colleagues and Friddle and colleagues [172, 147]. The protein-SAPEGLA bond is
signicantly weaker and will rupture before the protein torn o the surface.
The most probable rupture forces of the protein-ligand interaction are shown in
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Figure 4.14 b) together with the rupture forces of the histag   Ni2+   NTA bonds
that were determined by Verbelen and colleagues and Friddle and colleagues [172, 147].
This illustrates that the forces required to rupture the protein-ligand bonds are far
weaker than those required to rupture the histag   Ni2+   NTA bonds. Hence the
ligands will be separated from the protein before the critical force is reached at which
the protein is ripped from the surface.
Analysis within the Bell-Evans Framework
With the most probable rupture forces and loading rates determined, it now becomes
possible to analyze the kinetics of HA (H1N1) - SAPEGLA as well as NA (H1N1) -
SAPEGLA. As previously described in chapter 3, the DFS illustrates the dependence of
the bond strength on the rate of applied force. Following the KBE model, a log-linear
dependence is expected and the kinetic parameters koff and x are derived. In the
simplest case, a single energetic barrier for the bond dissociation is assumed. Therefore,
the t of the DFS depends on only two free parameters. Both spectra are tted with
the KBE model that was introduced in section 2.5, assuming a single barrier. To
commemorate its fundamental signicance, Equation 2.6 is once more shown below.
F (r) =
kBT
x
ln

rx
koffkBT

(4.8)
With the o rate koff the height of the energy barrier G can be calculated [148].
G =  kBT ln

koff~
kBT

(4.9)
The DFS of HA (H1N1) - SAPEGLA and NA (H1N1) - SAPEGLA are displayed in
Figure 4.15 together with the ts according to the KBE model.
It shows, that the DFS data of the NA (H1N1) - SAPEGLA complex follows
the predictions of the KBE model fairly well and a koff = (1:3 0:7) s 1 together
with a x = (657 68) pm is obtained. The errors account for the standard error
of the t. Using the koff the barrier is derived: G = (29 1) kBT . The error
is calculated according to the Gaussian error propagation. While the single barrier
approach provides a reasonable description of the NA (H1N1) - SAPEGLA complex, it
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Figure 4.15 { Dynamic force spectra and the KBE model: a) The DFS were tted
with the KBE model, assuming a single transition state. The t describes the DFS of NA
(H1N1) - SAPEGLA well, but fails to match the DFS of HA (H1N1) - SAPEGLA. b)
With the assumption of two energetic barriers, the DFS of both interactions can be split
into a regime of low and of high rates of force loading. The KBE model ts both regimes
well and kinetic parameters, which describe the inner as well as the outer barrier, are
obtained.
fails to match the full DFS data obtained for the HA (H1N1) - SAPEGLA complex.
By taking a closer look on the experimental force spectrum, a deviation from the
log-linear dependence can be seen. Appearance of more than one log-linear regime is
a common phenomenon in SMFS [147]. Typically, this mismatch of the experimental
data with the theoretical prediction is interpreted as the coexistence of several barriers
in the free energy landscape of the molecular bond. These additional barriers are
related to intermediate states [173]. Under the assumption of two barriers, the DFS
data of the HA (H1N1) - SAPEGLA complex is split into two independent regimes.
The regime of low loading rates is dened by r < 300pN=s and the regime of high
loading rates is dened by r > 3000pN=s. Within each regime, the dependence is
expected to follow the theoretical prediction and the kinetic parameters are obtained
using Equations 2.6 and 4.9. For low loading rates one obtains: koff = (0:7 1:4) s 1,
x = (1:1 0:5) 103pm and G = (30 2) kBT . For the high loading rates one
obtains: koff = (31 5) s 1, x = (206 25) pm and G = (26:1 0:2) kBT . Even
though the DFS of the NA (H1N1) - SAPEGLA interaction does not clearly show
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Table 4.2 { Kinetic parameters extracted from the DFS data by application
of the KBE model as seen in Figure 4.15
Protein Type of Barrier koff  x G
s 1 s pm kBT
single 1:3 0:7 0:8 657 68 29 1
NA (H1N1) slow loading 0:2 0:2 5 (1 0:2)  103 31 1
fast loading 12 5 0:08 450 50 27:0 0:5
single 3 3 0:3 571 169 28 1.
HA (H1N1) slow loading 0:7 1:4 1:4 (1:1 0:5)  103 30 2
fast loading 31 5 0:03 206 25 26:1 0:2
two distinctive linear regimes, it is well worth considering this approach. In fact,
a closer examination of the DFS indicates indeed a non-linear trend. Therefore,
the force spectrum is split into a regime of low and a regime of high loading rates,
analogous to the DFS of HA (H1N1) - SAPEGLA. The independent tting of the two
regimes yields the following kinetic parameters. In the regime of low loading rates:
koff = (0:2 2) s 1, x = (1:0 0:2) 103pm and G = (31 1) kBT . In the regime of
high loading rates: koff = (12 5) s 1, x = 450 50pm and G = (27:0 0:5) kBT .
All kinetic parameters that were determined using either the single barrier or the double
barrier approach, are summarized in Table 4.2
Analysis within the Friddle-De Yoreo Framework
Non-linear force spectra are a common sight in force spectroscopy [147]. This is especially
true if the DFS is recorded over a large interval of loading rates [174, 175, 176]. Typically,
the force spectra are tted with a sequence of successive linear regimes. This method
was successfully applied in the previous part. In some studies on dierent receptor-
ligand interactions of various complexity, even more than two regimes are assumed
[177]. While this might be the correct interpretation for systems of high complexity,
simpler systems will most likely dissociate along a direct path without intermediate
states. In addition, simulated force spectra at loading rates beyond the experimentally
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accessible regime have shown that non-linearity is omnipresent [36].
In the following paragraph, the force spectra of both protein-ligand complexes
will be analyzed in the framework developed by Friddle, De Yoreo and colleagues
[178, 147, 151]. The model provides an adequate description of non-linear force spectra
by assuming an equilibrium and a kinetic regime. In the equilibrium regime the kinetics
are inuenced by the potential of the force transducer. The potential of the transducer
allows broken bonds to rebind. Only in the kinetic regime are the proteins and ligands
truly irreversibly separated. As outlined in chapter 2, the equation that was derived
by Friddle and colleagues is given in Equation 2.15. It spans over the equilibrium and
kinetic regimes.
The force dependent transition rates for unbinding, ku (F ), and binding, kb (F ),
dene the transition from the equilibrium regime to the kinetic regime. The rate
equations were introduced in Equation 2.11 and Equation 2.11. These equations allow
an estimation of feq by using typical kinetic parameters of the system. Sieben and
colleagues studied the interaction of inuenza A virions of the types H3N2 and H1N1 with
several cell lines [69]. The values extracted for the virion-cell constellation H1N1 A549
were koff = (1:16 0:13) s 1 and x = (0:18 0:06)nm. The characteristic properties
of the force transducers in SFM based SMFS are the resonance frequency res, which
sets the binding rate at F = 0, and the stiness kt. Therefore, reasonable values are
k0u = 10
4s 1 and kt = 10pN=nm. The force dependent transition rates calculated with
these values are shown in Figure 4.16.
As the force is increased, the binding rate quickly drops, while the unbinding rate
increases. The intersection of both rates sets the equilibrium force, feq  28pN . This
force is well within the DFS data determined for HA (H1N1) - SAPEGLA and also, to
a lesser extent, within the data of NA (H1N1) - SAPEGLA. Even though the actual
forces and kinetic parameters of the IV-cell interaction might be dierent from the
more articial protein-ligand complex and also, the eects of dierent experimental
parameters, such as kt and k
0
u have an eect on the transition rates, it is still fair to take
Figure 4.16 and the extracted feq as an indication that the FNDY model is applicable
to the DFS data of HA (H1N1) - SAPEGLA and NA (H1N1) - SAPEGLA. Finally,
the nonlinear DFS data were t with Equation 2.17. As can be seen in Figure 4.17,
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Figure 4.16 { Force dependent transition rates and the application of the
FNDY model onto the DFS: Force dependent transition rates were calculated for
typical kinetic parameters, taken from SMFS studies with IV and cells. The gure il-
lustrates the rapid drop of the binding rate as the force increases, while meanwhile the
unbinding rate increases. Both rates intersect at the equilibrium force feq. The intersection
of the rates denes the equilibrium regime, where reforming of the inter-molecular bond
is allowed, and the kinetic regime, where rebinding is prohibited due to the high loading
rates. The calculations are based on parameters found by Sieben and colleagues [69]. a)
Rates are calculated for virions of the type H1N1. b) Rates are calculated for virions of
the type H3N2.
the FNDY provides a good description of the experimental data obtained from both
proteins.
The t determines the equilibrium force feq, the force scale f and the dissociation
rate koff (feq) that occurs when the bond is loaded with feq, as previously described.
These t parameters allow the derivation of the rupture length x, the energy barrier
G and the thermal dissociation rate, k0off in the absence of external forces. All
parameters are summarized in Table 4.3. As expected from the dynamic force spectra
shown in Figure 4.17 the NA (H1N1) - SAPEGLA bond is characterized by a higher
feq compared to the HA (H1N1) - SAPEGLA bond. The energy barrier is calculated
by using the expression G = feq
2= (2  kt). This implies a higher energetic barrier for
the dissociation of SA from NA (H1N1) than from HA (H1N1). As a consequence of
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Figure 4.17 { Application of the FNDY model onto the DFS: The FNDY model,
which includes rebinding eects in the process of forced dissociation, describes the DFS
of HA (H1N1) - SAPEGLA and NA (H1N1) - SAPEGLA well and the kinetic bond
parameters are obtained.
Table 4.3 { Kinetic parameters extracted from the DFS data by application
of the FNDY model The spectra were tted with Figure 4.17
Protein feq f koff (feq) k
0
off x G
pN pN s 1 s 1 pm kBT
NA (H1N1) 22:3 1:6 12 3 112 52 18 8 345 87 32 8
HA (H1N1) 15:1 0:8 38 9 97 19 66 13 106 26 12 2
its lower f, the NA (H1N1) - SAPEGLA bond features a larger x. These ndings
show that the NA (H1N1) - SAPEGLA bond is characterized by a deeper and broader
potential well. The dissociation rate of unforced dissociation k0off is calculated by
rearranging Equation 2.11 and inserting koff (feq). It follows, that k
0
off is larger for HA
(H1N1) - SAPEGLA than for NA (H1N1) - SAPEGLA and therefore the bond lifetime
 is larger for NA (H1N1) - SAPEGLA. This is in agreement with the predicted shape
of the energy landscape. According to the Kramers theory of molecular dissociation,
the bound complex needs more attempts in order to overcome the higher barrier. This
results in the longer bond lifetime.
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So far, it has been shown that the kinetic parameters that describe the dissociation
of the ligand SAPEGLA from either HA (H1N1) or NA (H1N1) can be derived from
the dynamic force spectra. It can be seen in Tables 4.2 and 4.3 that the actual values of
the kinetic parameters depend on the model that is used to t the DFS as well as the
number of energetic barriers of the energy landscape. Therefore, it is worth comparing
the results that were obtained by the dierent assumptions.
In Figure 4.18 k0off and the corresponding x are plotted simultaneously. It shows,
that in general the KBE model results in a lower koff and higher x. This is in agreement
with the primary condition of the KBE model of irreversible unbinding. The FDYN
model results in higher dissociation rates, since it includes rebinding eects. In the case
of a single energetic barrier or the low loading rate regime, the KBE model produces
large x between 6  12

A. These large values could be interpreted as indications that
rebinding is inuencing the DFS, especially in the low loading rate regime. If rebinding
is occurring in the low loading rate regime, large separation distances between protein
and ligand are required to irreversibly separate the protein-ligand complex. Also, the
large relative standard error indicates that the KBE model is not well suited to tting
the full DFS. In the regime of high loading rates, the KBE model leads to a signicantly
higher koff relative to the regime of low loading rates or the assumption of a single
barrier. The increase is on the order of one magnitude. On the other hand, x is
reduced by a factor of approximately two to ve. The kinetic parameters obtained
with the KBE model in the regime of high loading rates are rather similar to the ones
obtained using the FDYN mode. This is especially true in the case of NA (H1N1). This
is a good indication that the FNDY model is well suited for describing the complete
force spectra. The agreement of the kinetic parameters clearly shows, that the FNDY
model is an extension of the KBE model to include reversible binding. Regarding HA
(H1N1), the x that are derived from the two approaches are fairly similar, but the koff
derived from the FDYN model is approximately twice as large as the one derived from
the KBE model. This is not a surprise, if the t with the KBE model in Figure 4.15 is
examined. The t underestimates the high forces at high loading rates as a consequence
of their large standard deviation. The discrepancy between the two dissociation rates
can be explained if it is assumed that, even at high loading rates, the unbinding of the
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HA (H1N1) - SAPEGLA complex is still inuenced by rebinding eects. Therefore, the
DFS displayed in Figure 4.15 might not show the true kinetic regime of HA (H1N1) -
SAPEGLA unbinding. Unfortunately, the unbinding forces could not be determined at
higher loading rates, since the instrumental limitations had been reached. Nevertheless,
a quantitative as well as qualitative description of the unbinding of SA from either HA
(H1N1) or NA (H1N1) could be achieved.
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Figure 4.18 { The dissociation rate, ko , and rupture length, xbeta, of HA
(H1N1) - SAPEGLA and NA (H1N1) - SAPEGLA: The parameters were de-
termined using either the KBE or the FDYN model. When the KBE model was used,
parameters were determined for either a single or two energetic barriers.
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4.2.3 Receptor-Ligand Association and Bond Stability
The stability of large systems that are composed of a high number of macro-molecules
interacting with one another is not only aected by the dissociation rate of a single
bond. In such ensembles the dissociation of just a single or even a few bonds is usually
not signicant for the whole. More likely it is the interplay of permanent formation
and separation of receptor-ligand pairs that ensures a stable equilibrium condition
[179]. This equilibrium is dened by the dissociation constant KD or its reciprocal the
association constant KA [180].
If [protein] and [SA] denote the molar concentration of protein and SA and
[proteinSA] the molar concentration of the protein-SA complex, then KD and KA
are dened by Equations 4.10 and 4.11 with the dissociation and association rates k0off
and kon.
KD =
[protein] [SA]
[proteinSA]
=
k0off
kon
(4.10)
KA =
[proteinSA]
[protein] [SA]
=
kon
k0off
(4.11)
In this sense, in order to further characterize the stability of the protein-SA bond KD
will be determined. Since in the previous part k0off has been determined, this paragraph
will focus on the calculation of kon. The kon describes the number of receptor-ligand
pairs that form within an interaction time  in the accessible eective volume, as
described by Hinterdorfer and colleagues [179]. Following this approach, kon can be
calculated using Equation 4.12, with the Avogadro constant NA, the eective Volume for
interaction Veff , the number of involved protein-ligand pairs n and the interaction time
 . The interaction time sets the timescale for the formation of a single receptor-ligand
bond.
kon = NAVeff= (n) (4.12)
The probability pb for bond formation is examined in order to determine the
interaction time. Since it can be assumed that pb is an intrinsic property of the protein-
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ligand complex within a given time t1, it can be expected that it will increase for a
longer time t2 > t1. Given enough time, the pb will saturate at a maximum that is the
results of the equilibrium between the formation and dissociation of bonds. The time
until the pb reaches half its maximum, p () = p
max
b =2 is called the interaction time  .
The dependence of the binding probability pb on the contact time tc follows an
exponential decay, that is given by Equation 4.13 [181].
pb (tc) = p
max
b f1  exp [  (tc   t0) = ]g (4.13)
According to Figure 4.19 b) both protein-ligand complexes exhibit a similar de-
pendence of pb (tc) and therefore the interaction time  is also similar with H1 SA =
(1:16 0:05) s and N1 SA = (1:3 0:1) s.
Since the interaction time has been determined for both viral proteins, the association
rate can be calculated. To this extend it is essential to consider the volume Veff , within
which a bound SA molecule can interact with a protein on the surface. According
to Baumgartner and colleagues [180] the eective Volume is equal to a half-sphere
with the eective radius reff , where reff is related to the free equilibrium state of
the ligand SAPEGLA. Hence, it is a good rst assumption to associate the gyration
radius of the PEG tether, rPEGg , with reff . The PEG used for the synthesis of the
ligand SAPEGLA has a molar weight of mM = 5kDa, which is equivalent to about 110
monomers. Hence, rPEGg is approximately 4nm [182]. Force-separation curves typically
showed only one, if any, unbinding event of specic interaction. Even when the contact
time was increased, the number of unbinding events remained 0 or 1 and seldom 2.
This is a clear indication, that only one protein-ligand pair was available for complex
formation during the particular force-separation curve, and therefore, it holds that
n = 1. This agrees well with the Poisson analysis that was illustrated in Figure 4.8 b).
Since the overall binding probabilities, Figure 4.19, barely exceed 30%, the theoretical
likelihood of nding single-binding events is > 80%.
The association rate can now be calculated using Equation 4.12, resulting in
(67 6)M 1s 1 for HA (H1N1) - SAPEGLA and (62 5)M 1s 1 for NA (H1N1)
- SAPEGLA. As a consequence of the similar interaction time, the association rates are
the same within error and the dissociation constant depends solely on the dissociation
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Figure 4.19 { Force-time curves with the same lag time but dierent contact
time and the dependence of the binding probability on contact time: a) The
Image illustrates the dierence between lag and contact time. In both force-time curves
the approach speed is 0:5m=s, the retract speed is 1m=s and the setpoint dening the
force at which retraction starts is 100pN . Therefore, the resulting lag time is the same
for both curves, with tlag  0:1s. This sets the minimal duration of the contact between
SFM tip and surface. In the upper curve an additional contact time tc is introduced,
during which tip-surface contact is maintained. The probability to detect specic rupture
events is expected to increase with tc. b) The binding probability increases with increasing
contact time. As the time of contact between the SFM tip and the surface is increased,
the time for SA to nd and attach to a LBD on either HA (H1N1) or NA (H1N1) is also
increases. Hence, the probability of bond formation and detection of rupture events will
increase likewise. The experimental data can be tted with an exponential decay function,
pb(tc) = p
max
b f1  exp [  (tc   t0) = ]g, yielding the interaction time.
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rate k0off . The dissociation constants of the protein-SA complexes are calculated using
Equation 4.10 and it yields: KHAD = (950 190)mM and KNAD = (290 130)mM .
These values unveil, that NA (H1N1) is forming a stronger bond with SA compared to
the bond between HA (H1N1) and SA. Nevertheless, both connections appear to be
very weak. Indeed, the KD values determined here are one to two orders of magnitude
larger than those typically found in literature, e.g. determined by NMR spectroscopy
[25, 23]. This discrepancy can be explained through the dierent experimental con-
ditions, in which KD values were determined. Unlike NMR spectroscopy, where the
dissociation behavior of freely owing proteins and SA is observed, SMFS imposes
more constrains on the interaction between HA (H1N1) and NA (H1N1) with SA [183].
Therefore, it has to be carefully examined, how these constrains aect the stability of
HA (H1N1) - SAPEGLA and NA (H1N1) - SAPEGLA. Through the immobilization
of receptors and ligands to either the surface or the SFM tip their freedom of motion
will be limited. This will most likely reduce the association rate kon. Furthermore, the
thermal motion of the PEG tether induces additional stress on the molecular bond,
which in the process increases the dissociation rate koff [183]. Regarding the inuence
of the PEG tether, it is also worth to consider the dependence of KD on reff . From
Equation 4.12, which shows a cubic dependence of the dissociation constant on the
eective radius, KD  r3eff , it becomes clear that the right choice of reff will have a
enormous eect on the determination of KD. Even though it has been a reasonable
assumption that bond formation occurs mostly at equilibrium conditions and that the
gyration radius of the PEG tether accounts for the eective radius, reff = r
PEG
g  4nm,
it is worth to consider association kinetics far from equilibrium where the PEG tether
is partially stretched. In theory reff is only limited by the contour length of the tether,
with reff 5 lPEGC  40nm. The dependence of KD on reff can be seen in Figure 4.20.
As predicted, KD drops rapidly as reff increases. At roughly 1=3 of the contour length,
which is equal to  13nm, and above the KD tends to values that are very close to
those previously reported. Most importantly it shows that KNAD is approximately three
times larger than KHAD , independent of the absolute value. This fully conforms the
higher stability of the NA (H1N1) - SAPEGLAcomplex compared to the HA (H1N1) -
SAPEGLA complex.
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Figure 4.20 { Dissociation constant KD: The dissociation constant decreases at a
larger eective radius reff . In a), KD is shown for reff , for which it holds: 0nm <
reff < l
PEG
c = 40nm. In b), KD is displayed for an interval of reff , that is more relevant
for binding. Independently of the eective radius, hemagglutinin shows an approximately
three times larger KD than neuraminidase. This conrms the more stable binding of
SAPEGLA to NA (H1N1) compared to HA (H1N1)
4.3 Multivalent protein-ligand binding
Generally, in DFS, multivalent binding can occur in two dierent constellations. On
the one hand, DFS can create the situation, where several monovalent ligands bind
simultaneously to a multitude of receptors. This case is typically a result of dense
surface coating with receptors in combination with dense functionalization of the force
probe with ligands. The formation of multiple bonds can also be triggered when the
time of contact between the surface and the force probe is increased, giving more time
to the ligands to nd receptors. On the other hand, a single ligand can be designed
in such a way, that it displays several reactive terminal groups. All of these terminal
groups have the ability to bind to receptors and therefore, the ligand is multivalent in
itself. This situation is in fact inherent to the majority of DFS experiments, since most
receptor-ligand pairs are multivalent on the atomistic level. This applies for example to
the ligand SAPEGLA, since it interacts simultaneously with several amino acids within
the LBD of HA and NA through multiple hydrogen bonds. Yet, in many experiments
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such atomistic details can be neglected. In the case of SAPEGLA the actual binding
strength will not simply be the sum of all hydrogen bonds but rather be inuenced
by other eects such as conformational entropy. Another example for a multivalent
ligand is the dendritic ligand dPGSA, which can be considered as a true multivalent
ligand, since its binding strength is expected to substantially depend on its ability to
simultaneously bind multiple ligand binding domains [22].
First, this section will focus on the simultaneous interactions of several monovalent
ligands. In the second part of the section, the interaction of the dendritic ligand dPGSA,
which was outtted with multiple SA and specically designed to inhibit IAV, will be
described.
4.3.1 Kinetics of Multiple Parallel Bonds
In order to study the simultaneous binding of monovalent ligands of the type SAPEGLA
to HA full inuenza virions of the strain A/Aichi/2/1968 (H3N2) were used. The virions
provide the advantage that their surface is densely covered with the transmembrane
proteins. This ensures that a multitude of ligands is presented when the force probe
is brought in close proximity to an individual virion. The kinetics of multiple bonds
between SAPEGLA and NA were examined using recombinant NA of the same viral
strain. Once a certain number n > 2 of receptor-ligand bonds has been formed and
the force probe is retracted, two dierent mechanisms of bond rupture are possible.
The bonds can either fail one after another or all bonds fail almost simultaneously
so that the rupture of the individual bonds is recognized as a single event. If the
bonds rupture one after another, the process of force loading of an individual bond
is most likely obscured. Therefore, it is dicult and requires complex descriptions of
the underlying polymer dynamics that precede bond dissociation. If multiple bonds
rupture simultaneously, kinetic parameters can be derived more easily. In this case the
external force is shared among all protein-ligand bonds and rupture of bond leads to
the immediate failure of the whole cluster. The arrangement of bonds is also referred
to as a system of uncorrelated parallel bonds [129]. It will be addressed in this section.
It has been shown in the previous section, Section 4.2.3, that the probability of bond
formation increases when the contact time between probe and surface is increased. It has
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also been illustrated in Figure 4.8 b), that the probability of the formation of multiple
bonds depends on the single bond binding probability. Consequently, an increase of the
contact time between probe and surface will inevitably lead to the formation of multiple
bonds. The simultaneous rupture of these multi-bonds will result in higher rupture
forces, since the total force will be shared among individual bonds [184]. Sharing of
the force also inuences the rate of force loading [185]. In the multivalent system the
PEG tethers that connect the individual ligands to the force probe will be stretched
simultaneously and have to be similarly treated to a parallel arrangement of springs.
This leads to a higher stiness of the force transducer, since the combined stiness of
springs arranged in parallel is equal to the sum of the stiness of the individual springs.
Therefore, force loading at a given separation speed will be higher in the multivalent
system compared to the monovalent. Such a behavior is illustrated in Figure 4.21.
The force-separation curves, that are shown in Figure 4.21 a), represent characteristic
curves of the interaction between HA (H3N2) and SAPEGLA, while the force-separation
curves in Figure 4.21 b) are representative for the interaction between NA (H3N2) and
SAPEGLA. The separation speed is the same in all curves. The force separation curves
show clearly, that the bond strength is increased at a higher bond valency. The loading
rate at a xed pulling speed is also increased likewise, since the eective stiness of the
force transducer is increased as a result of the PEG tethers that are arranged in parallel.
This can be seen from the increased negative slope at the point of bond rupture.
In principle, it is possible to determine the exact valency of the underlying interaction
in each individual force-separation curve by tting the curves with a multivalent FJC
model [186]. However, this not necessary, since the most probable rupture forces and
most probable critical loading rates can as well be determined from the bulk data [181].
To this extent, the rupture forces and the corresponding critical loading rates extracted
at a particular pulling speed were binned into histograms to obtain the distributions of
the rupture forces and loading rates. Two examples of these histograms are displayed
in Figure 4.22, showing the rupture forces for HA (H3N2)- SAPEGLA and NA (H3N2)
- SAPEGLA determined at one separation speed.
The distributions of the rupture forces at each pulling speed appear similarly shaped.
They are characterized by several distinctive peaks. The relative height of the peaks is
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Figure 4.21 { Multivalent binding of monovalent ligand: Characteristic force-
separation curves taken at a xed pulling speed are shown: a) For the interaction of HA
(H3N2) - SAPEGLA. b) For the interaction of NA (H3N2) - SAPEGLA. The force-
separation curves show the expected increase in bond strength with the number bond. The
increase of the loading rate, as a result of the higher stiness of the force transducer in
the case of multi-bonds, can be observed. (Parts of the image were provided by Dr. Jose
Luis Cuellar-Camacho).
reduced with increasing force. Typically, four peaks can be identied in each histogram.
The individual peak forces appear to be multiples of the force of the lowest peak force.
This nding is similar to the study on biotin-avidin interaction by Ernst-Ludwig Florin,
Vincent T. Moy and Hermann E. Gaub in which rupture force histograms with multiple
distinctive peaks were also observed [140]. Using an autocorrelation analysis, the peaks
were related to a 'force quantum' of about 160pN characteristic of the underlying
molecular unbinding. The existence of such a force quantum was also suggested by
Allen and colleagues [187]. The quantization of the unbinding force of multiple parallel
bonds was revised by Philip M. Williams who estimated the most probable unbinding
forces f p of the parallel bonds to be below integer multiples of the most probable single
bond rupture force f s , i.e. f

p < f

s [188]. Rupture force histograms of multivalent
binding were also extensively examined by Erdmann and colleagues who derived an
expression for the distribution of rupture forces assuming equal sharing of the force
between the closed bonds [189]. These preceding considerations allow to correlate the
peaks found in the distributions of rupture forces with the bond number and extract
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Figure 4.22 { Multivalent rupture forces of the interaction between H3HA-
SAPEGLA and N2NA-SAPEGLA: a) The ruptures forces determined for H3HA-
SAPEGLA are shown. b) The ruptures forces determined for N2NA-SAPEGLA are shown.
Both histograms were obtained from force separation curves taken at the same separation
speed. The histograms show distinctive peaks with decreasing intensity indicating the
rupture of n=1,2, and 4 bonds. (Parts of the image were provided by Dr. Jose Luis
Cuellar-Camacho)
the most probable rupture forces. The peaks at the lowest force are attributed to the
rupture of a single protein-ligand bond. The peaks at higher forces are consequently
attributed to the simultaneous rupture of two, three or four protein-ligand bonds. The
peak positions and standard deviations are determined from tting the histograms
with multi-modal Gaussian functions, in analogy to the studies by Baumgartner and
colleagues and Rankl and colleagues [190, 181]. The distributions of the critical loading
rates are treated likewise and the most critical loading rates are obtained relative to the
bond number and retraction speed. Therefore, the correlation between bond strength
and the rate of force loading is determined for increasing bond valency. The resulting
dynamic force spectra of the interactions between HA (H3N2) and NA (H3N2) with
SAPEGLA are displayed in Figure 4.23.
As expected, the forces required to rupture the protein-ligand bonds increased if
more bonds are ruptured at the same time. All force spectra, but especially those of
low valency, feature a non-linear dependence of f  on ln
 
df
dt

. Similar to the analysis of
the interaction between HA (H1N1) and NA (H1N1) with SAPEGLA the transition
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Figure 4.23 { Force spectra of the interaction HA (H3N2) - SAPEGLA and
NA (H3N2) - SAPEGLA: a) The force spectra determined for HA (H3N2) - SAPEGLA
are shown. b) The force spectra determined for NA (H3N2) - SAPEGLA are shown. The
force spectra illustrate the increased of the most probable rupture forces at higher valency.
A deviation from the linear dependence on ln(r) is observed. The solid lines represent the
ts to the spectra according to the FNDY model using the assumption of a single apparent
bond.
rates for binding, kon (f), and unbinding, koff (f), of a single bond between SAPEGLA
and HA (H3N2) or NA (H3N2) under force can be estimated from Equations 2.12 and
2.11, which were introduced in Section 4.2.2. For the estimation of koff (f) and kon (f),
the parameters were used that had been reported by Sieben and colleagues [69]. The
dependence of both rates on the applied force was shown in Figure 4.16. The rates
cross at the equilibrium force feq  28pN .
This suggests, that the dynamic force spectra for both proteins stretch over the
equilibrium and the kinetic regime. Therefore, the FNDY model is appropriate for
the determination of the kinetic parameters. From a conceptual point of view, it is
plausible to treat the parallel arrangement of identical bonds as a single apparent bond
between two interacting multivalent surfaces. This so called 'single apparent bond
approximation' was introduced by Friddle and colleagues [147]. The dynamic force
spectra are individually tted with Equation 2.17 under the assumption of generic
equilibrium force feq, an apparent thermal force scale f
app
 and an apparent force induced
dissociation rate kappoff (feq) at the equilibrium force.
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Table 4.4 { Kinetic parameters extracted from the multivalent DFS of HA
(H3N2) - SAPEGLA by application of the FNDY model, as seen in 4.23
Valency feq f
app
 koff (feq) k
app
off(0) x
app
 G
pN pN s 1 s 1 nm kBT
1 15 2 27 6 48 13 28 8 0:15 0:03 15 5
2 25 5 62 16 51 19 35 13 0:07 0:02 14 6
3 38 5 84 17 51 14 32 9 0:05 0:01 27 8
4 64 13 139 105 56 31 36 20 0:03 0:02 48 20
Table 4.5 { Kinetic parameters extracted from the multivalent DFS of NA
(H3N2) - SAPEGLA by application of the FNDY model, as seen in 4.23
Valency feq f
app
 koff (feq) k
app
off(0) x
app
 G
pN pN s 1 s 1 nm kBT
1 27 5 13 5 29 27 4 4 0:31 0:12 37 14
2 49 8 31 8 34 21 7 4 0:13 0:03 49 16
3 69 8 60 16 52 23 17 7 0:07 0:02 71 20
4 77 4 60 7 26 6 7 2 0:07 0:01 60 14
The kinetic parameters that were extracted from the ts are given in Table 4.4 and
Table 4.5.
The values given in these tables show an outcome that is unexpected at rst glance.
Firstly, the dissociation rate kappoff is constant and does not change with the bond number
N in the case of both proteins. This surprises, because the dissociation rate of the
multivalent system is expected to decrease since more bonds are supposed to increase the
overall stability. Secondly, the rupture length xapp decreases to values as small as 0:01nm
that is about an order of magnitude smaller than the atomic length scale of 0:1nm.
Such small values are unrealistic from the chemical point of view. This discrepancy
between the kinetic parameters obtained from the single apparent bond approximation
and the expected was pointed out by Friddle and colleagues who suggested that the
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Table 4.6 { Thermal force scale, rupture length and dissociation rate of the
HA (H3N2) - SAPEGLA interaction after scaling of fapp with N
Valency fapp f x koff(0)
pN nm s 1
1 27 6 27 6 0:15 0:03 28 8
2 62 16 31 8 0:13 0:02 23 9
3 84 17 28 6 0:15 0:01 13 4
4 138 105 35 26 0:12 0:02 9 5
thermal force scale f scales with the number of bonds [147]. In this article, they also
derived an extension of their equation, Equation 2.15 to describe a cluster of a number
N of multivalent parallel bonds. This extended FNDY model is shown in Equation 4.14.
f  = feq +Nf exp

N
R (feq=N)

E1

N
R (feq=N)

R (feq=N) =
r
ku (feq=N) f
(4.14)
The comparison of Equation 4.14 with Equation 2.15 leads to the conclusion that
the single apparent bond approximation results in an apparent thermal force scale fapp
that is proportional to the number of bonds, as shown in Equation 4.15. The rupture
length and force free dissociation rate can now be corrected using this scaling relation.
fapp = N  f (4.15)
The corrected values obtained are given in Table 4.6 and Table 4.7.
The correlations between the kinetics of the multivalent protein-ligand complexes and
the valency are depicted in Figure 4.24. The gure also illustrates the dierences between
HA (H3N2) and NA (H3N2). The experimentally obtained kinetic parameters are
compared to theoretical predictions that follow the assumptions proposed by Williams
and Evans that will be discussed in the following [129, 188].
In Figure 4.24 a) the dependence of the force free dissociation rate koff on the
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Figure 4.24 { Kinetic parameters of
HA (H3N2) - SAPEGLA and NA
(H3N2) - SAPEGLA with respect to
valency: Both proteins show higher sta-
bility with increasing bond number. NA
(H3N2) is more stable than HA (H3N2),
especially for low valency. The solid lines
represent ts to data based on the theoreti-
cal calculation according to Williams and
Evans [129, 188].
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Table 4.7 { Thermal force scale, rupture length and dissociation rate of the
NA (H3N2) - SAPEGLA interaction after scaling of fapp with N
Valency fapp f x koff(0)
pN nm s 1
1 13 5 13 5 0:32 0:12 4 4
2 31 8 15 4 0:27 0:03 1:4 0:9
3 60 16 20 5 0:20 0:02 1:8 0:8
4 60 7 15 2 0:27 0:01 0:18 0:04
valency is shown. In the case of HA (H3N2) - SAPEGLA, koff is reduced signicantly as
the bond number increases. The dissociation of a single HA (H3N2) - SAPEGLA bond
is about three times faster than the dissociation of four H3-SA bonds. As a consequence
of the decrease of koff , the lifetime of the complex, which is the reciprocal of the
dissociation rate,  = koff
 1, increases with higher bond number. While the lifetime of
a single HA (H3N2) - SAPEGLA bond is just N=1 (HA  SA)  0:036s, the lifetime
of a complex of four HA (H3N2) - SAPEGLA bonds is N=4 (HA  SA)  0:11s. The
dissociation rate of the NA (H3N2) - SAPEGLA bond is even more reduced as the
valency increases, compared to the dissociation rate of the HA (H3N2) - SAPEGLA
bond. A single NA (H3N2) - SAPEGLA bond dissociates approximately 22 times
faster than a complex of four NA (H3N2) - SAPEGLA bonds. The higher number of
bonds within the complex increases the bond lifetime from N=1 (NA  SA)  0:25s to
N=4 (NA  SA)  6s. A similar, but even more extreme, trend was found by Sulchek
and colleagues when investigating parallel Mucin1-antibody bonds [186]. The average
lifetime of three Mucin1-antibody bonds was about 105 times longer than that of a
single bond. An analytical expression, Equation 4.16, for the decrease of the dissociation
rate is given by Williams for the dissociation of truly uncorrelated parallel bonds [188].
koff (f;N) =
"
NX
n=1
1
n  koff (f = 0; N = 1)  exp

  f
n  f
# 1
(4.16)
The dependence of koff(f = 0) on N follows immediately and is shown in Equa-
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tion 4.17.
koff (f = 0; N) = koff (f = 0; N = 1) 
"
NX
n=1
1
n
# 1
(4.17)
This equation was used to t the experimental data while keeping the force free
dissociation rate of the single bond as the free t parameter. Figure 4.24 a) shows that
the t follows the experimental data well and it holds that koff;HA(N = 1) = 32 4s 1
and koff;NA(N = 1) = 3:5 0:5s 1. The obtained values for the kinetics of the single
bonds are in close agreement with the experimental ones.
In Figure 4.24 b) the dependence of the rupture length x on the valency is shown.
The rupture length seems to be rather constant with a tendency to decrease with N
in the case of HA while it does not follow a clear trend in the case of NA. It was
reviewed in chapter 2 that rupture length remains constant if identical bonds are loaded
in parallel. This idealized description (Equation 4.18) is used to t the experimental
data and x is kept as the free parameter.
x(N) = x(N = 1) = constant (4.18)
The t matches both data sets fairly well and it holds that x;HA(N = 1) =
0:260:01nm and x;NA(N = 1) = 0:140:01nm. The t reproduces the experimentally
obtained single bond value well in the case of HA but seems to underestimate x in the
case of NA. Nevertheless, the values overlap within the experimental precision.
In Figure 4.24 c) the dependence of the free energy G on the valency is shown.
Overall, the NA (H3N2) - SAPEGLA bonds are characterized by a higher G than
the HA (H3N2) - SAPEGLA bonds. An increase of the valency leads to an increase of
G. This is in good agreement with the model by Williams and Evans, that assumes a
deeper potential well in the case of multiple parallel bonds [129]. In this model, the
combined G of N identical bonds is the single bond G multiplied by N and therefore,
a linear dependence of G(N) on N is expected. The experimental data sets are tted
with Equation 4.19.
G(N) = N G(N = 1) (4.19)
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The t matches the experimental data reasonably well, but G is underestimated
in the case of NA.
Overall, the quantication of the unbinding characteristic of multiple identical bonds
provides valuable insight in to the principle of multivalency. Therefore, these results
will help to understand the behavior of a multivalent ligand, which will be discussed in
the next section. The quantitative data provides approximations for the kinetics of the
truly multivalent system and aids in identifying dierent binding modes.
4.3.2 Multivalent interaction of a Dendritic Ligand
The previous section, Section 4.3.1, showed that in general the strength of molecular
interaction can increase when the number of receptor-ligand pairs that are loaded
simultaneously is increased. This section will focus on the interaction of a multivalent
ligand with the inuenza virus proteins HA and NA of the type H3N2. The dendritic
ligand dPGSA, which was introduced in chapter 3, was used as an example of such a
multivalent ligand. The ligand was originally designed to match the distances between
individual binding pockets of HA on the viral envelope [22]. An enhanced binding
strength and reduced dissociation rate is expected when dPGSA binds to more than
one ligand binding domain. Due to its design this will be more likely when probing the
interaction with HA (H3N2). Conceptual sketches of the dierent binding modes are
depicted in .
dPGSA will bind monovalenly (Figure 4.25 a)) when the distance dSA between SA
moieties on dPGSA is larger than the distance dLBD between ligand binding domains.
Multivalent binding is expected when dSA matches dLBD. This can occur when the
ligand binding domains of two neighboring proteins are separated by dSA (Figure 4.25 b))
or when intra-protein distances between ligand binding domains match dSA (Figure 4.25
c)).
Examples of the force-separation curves that were obtained for the interactions HA
(H3N2) - dPGSA or NA (H3N2) - dPGSA and the distributions of rupture forces are
shown in Figure 4.26 a) - d). As expected, the rupture forces increase with increasing
loading rate. The histograms show the typical distribution of the rupture forces that
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Figure 4.25 { Mono- and multivalent binding modes of the dendritic ligand
dPGSA: a) The distance dSA between SA moieties does not t to the distance dLBD
between ligand binding domains (LBD) on the surface. Therefore, dPGSA can only bind
monovalently and binding kinetics are expected to be similar to those found for SAPEGLA.
This can be caused by either the inter- or the intra-protein spacing of the LBD. b) and c)
The spacing between LBD matches the spacing of SA moieties on the ligand. Multivalent
enhancement of bond stability is expected.
were already obtained with the ligand SAPEGLA. The distributions feature a high
peak at lower forces and a shoulder at higher forces. In analogy to the investigation
of SAPEGLA the most probable rupture forces, which are determined by tting with
multi-modal Gaussian functions, are plotted against the most probable loading rates.
The resulting force spectra are displayed in Figure 4.26 e). The force spectra overlap
to a high degree and show also the non-linear dependence on ln
 
df
dt

. From the FNDY
model the kinetic parameters are obtained. These parameters are listed in Table 4.8.
The equilibrium force determined with the dendritic ligand on HA (H3N2) is higher
compared to the equilibrium force that was determined for the interaction of SAPEGLA
with HA (H3N2). This results in a higher G of the HA (H3N2) - dPGSA bond. The
increased G suggests that the dPGSA binds multivalently to HA (H3N2), as it was
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Figure 4.26 { Interaction of a dendritic ligand, that is designed to inhibit HA,
with H3 and N2: a) and b) force-separation curves are shown that characteristic of the
rupture of bonds between the dendritic ligand dPGSA and HA (H3N2) or NA (H3N2).
The curves are horizontally oset for clarity. c) and d) The rupture forces of the HA
(H3N2) - dPGSA and NA (H3N2) - dPGSA unbinding show a distinctive peak and
increase with increasing loading rate. (Parts of the image were provided by Dr. Jose Luis
Cuellar-Camacho.)
97
CHAPTER 4. RESULTS AND DISCUSSION
Figure 4.27 { DFS of the interaction of the dendritic ligand dPGSA compared
to those of SAPEGLA: a) The gure shows the DFS of the dPGSA-HA (H3N2)
interaction together with the DFS of the SAPEGLA-HA (H3N2) interaction. The DFS of
the dPGSA-HA (H3N2) interaction tends to a higher feq in the equilibrium regime.
originally intended. The equilibrium force that was determined for the NA (H3N2)
- dPGSA bond is similar to the one determined with SAPEGLA and therefore G
is also within the same range. This suggests, that the dendritic ligand binds only
monovalently and cannot bridge individual N2 proteins on the NTA-surface. This is
supported by the inter-protein distances that were measured in Section 4.1. A complete
picture of the kinetic parameters is displayed in Figure 4.28 relative to the kinetics of
SAPEGLA. It shows that the dissociation rate of HA (H3N2) - dPGSA is signicantly
higher than that of a single HA (H3N2) - SAPEGLA bond. In fact, the dissociation
rate of the multivalent ligand k
HA(H3N2) dPGSA
off = 8 8 is within the range of three to
four combined single bonds. The rupture length is also increased by factor of two to
three. Interestingly, the dissociation rate and rupture length of HA (H3N2) dPGSA
are close to those determined for NA (H3N2) - SAPEGLA. This result emphasizes the
importance of a tuned balance of HA and NA kinetics for viral tness. The energy
barrier G of the bonds is shown in Figure 4.28 b). G is higher in the case of the
dendritic ligand binding to HA compared to G of the single bond interaction albeit it
is only in the range of two connections.
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Table 4.8 { Kinetic parameters of dissociation of the dendritic ligand, ex-
tracted from the DFS data by application of the FNDY model, as seen in
Figure 4.27.
Protein feq f koff (feq) k
0
off x G
pN pN s 1 s 1 nm kBT
HA (H3N2) 27 5 14 5 54 52 8 8 0:3 0:1 23 10
NA (H3N2) 33 6 11 7 77 120 5 7 0:4 0:2 35 13
Figure 4.28 { Comparison of koff , x and G for the interactions of
SAPEGLA and PGSA with HA and HA of the type (H3N2): a) x is plotted
relative to koff . b) G is depicted.
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4.4 Inuence on Viral Infectivity and Transmissi-
bility
The preceding sections, especially Section 4.2.2 and Section 4.3.1, were focused on
the physics of molecular interaction and on the extraction of the characteristic kinetic
parameters. This section will now analyze and interpret the ndings in a more biological
context. When the rates of association and dissociation as well as the energy landscapes
that are characteristic for the protein-ligand complexes are compared with the dynamics
of the natural interaction for the inuenza virus virion with cells it must not be forgotten
that the force spectra are the result of rather articial experimental systems. Even
though the kinetics of the protein-ligand interactions that were determined in this study
might deviate from in-vivo experiments valuable qualitative insight into the complex
dynamics of biological systems can be gained.
In general, the force spectra that were experimentally determined using the monova-
lent ligand SAPEGLA showed that the dissociation of a single the HA-SA bond was
typically faster than that of a NA-SA bond. This held true for both viral strains that
were examined. Hence, the SA binds stronger to NA than to HA at least in the case
of H1N1 and H3N2. The superior binding strength of the NA might be necessary to
compensate the small number of NA relative to HA. It also correlates well with recent
studies that indicate a contribution of NA in the initial adhesion to epithelial cells
[191, 192]. A complete overview of the monovalent interaction of the proteins of the
two dierent viral strains is given in Figure 4.29
Furthermore, it must not be forgotten that the NA possesses enzymatic activity
[70, 193, 72]. The enzymatic activity allows the NA to cleave terminal SA from
glycoconjugates, which is still considered the primary function of NA [70]. Hence, the
stability of an NA-SA bond must be considered with respect to the rate of enzymatic
cleavage. The capability to cleave SA did not have an eect in the force spectroscopy,
since the PEG-tether structure is not accessible to the enzymatic activity of the NA [194].
A measure for the rate of enzymatic activity is kcat alongside the Michaelis-Menten
constant Km. Several biochemical studies have characterized the enzymatic activity
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Figure 4.29 { Comparison of the kinetic parameters koff , x and G deter-
mined for the dierent viral strains H1N1 and H3N2: a) The image shows a
generalized sketch of the energy landscapes of HA and NA. NA features a deeper and
broader potential well. Therefore, it holds that: koff
HA > koff
NA. b) The kinetic pa-
rameters koff , x and G are displayed for the monovalent interaction of the dierent
proteins. All quantities are given relative to the values determined for HA (H1N1). Both
strains have in common that SA dissociates faster from HA than NA. HA (H3N2) and NA
(H3N2) show stronger binding compared to HA (H1N1) and NA (H1N1). x is similar
in the case of NA (H1N1) and NA (H3N2) and also to a lesser degree in the case of HA
(H3N2). G of NA (H1N1) is close to that of NA (H3N2) and G of HA (H1N1) is
close to that of HA (H3N2).
and allow a comparison to the kinetics determined with force spectroscopy [191, 195].
For further considerations the values of kcat and Km that were measured by Xu and
colleagues for H1N1 on the articial substrate 4 MU  NANA will be used exemplary.
In this study it was found that kcat = 3:17 0:1s 1 and Km = 373 8M [195]. The
value for kcat is related to an average timescale cat for cleaving one SA from its linkage.
It holds, that cat = kcat
 1  0:3s. Association rates kon of ligands to the active site
of NA can be obtained from the study by Sung and colleagues [92]. In the case of SA
binding to NA of the type H1N1 it holds that kon  0:17M . The relation between
kcat, Km, kon and koff is given in Equation 4.20 [191].
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koff = Kmkon   kcat (4.20)
From Equation 4.20 it follows, that koff = 60s
 1, which corresponds to a bond
lifetime off  0:02s. This is in good agreement to the results from SMFS where
an average bond life time off = 0:06s had been determined for NA. This clearly
demonstrates that force spectroscopy using synthetic ligands can adequately characterize
kinetics of biological processes. It also follows from these consideration, that the
probability of dissociation of SA from an active site of NA is about 6 times higher than
that of enzymatic cleavage [160]. Therefore, multiple SA-NA interactions are needed
for ecient cleavage of SA.
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Mono- and multivalent bonds of HA and NA of the type H1N1 and H3N2 with SA were
individually quantied on the single molecule level using SMFS and the bond strength
was found to be between 10  100pN for single bonds.
The dynamic force spectra of the protein-ligand bonds did not show the log-linear
trend predicted by the classical KBE model, which is most commonly applied in SMFS.
It was concluded that the more recent FNDY model is better suited to extract the
dissociation rate and the shape of the free energy landscape from the dynamic force
spectra. In this description, the shallower slope at low loading rates is caused by
rebinding eects that inhibit the measurements of lower forces than the equilibrium
force, which is related to the free energy dierence between the bound and unbound
state.
It was found, independently of the viral strain, that, despite similar unbinding
forces, the single HA-SA bond dissociates in the case of type H1N1 at an approximately
three times faster rate than the NA-SA bond while the single HA-SA bond of the type
H3N2 showed an seven times faster dissociation rate than the NA-SA bond of the
same strain. Furthermore, NA-SA bonds are characterized by a deeper and wider free
energy landscape. These results highlight the importance of NA for viral attachment
to epithelial cells, which has recently drawn much attention. It is reasoned that the
higher stability compensates the smaller amount of neuraminidase on the viral envelope,
compared to hemagglutinin. Without sucient neuraminidase binding, the virus would
suer from a lack of siliac acid cleavage and remain stuck in the mucus or at the cell
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membrane.
The bond strength of a cluster of monovalent ligands increased as expected with the
number of bonds in the cluster and followed the theoretical predictions. This allowed
to obtain a glimpse at the expectable strength of the multivalent ligand.
It was also found that, at least for the type H1N1, the dissociation rate of a single
NA-SA bond is on the order of, but still faster than, the catalytic rate of neuraminidase,
which can be seen as the average time for cleavage of a single sialic acid. This correlates
well with the fact that monomeric NA lacks enzymatic activity and therefore multiple
attachments are needed for SA cleavage. Therefore, the patched arrangement of
neuraminidase on the viral envelope is a requirement as it locally increases the rate of
sialic acid cleavage and leads to higher viral motility.
The comparison of the unbinding kinetics between the types H1N1 to H3N2 showed
that the stability of the HA-SA and NA-SA bonds is higher in the case of H3N2.
Interestingly, the the dissociation rate and width of the energy landscape of NA of
the type H1N1 were found to be close to those found for both proteins of the type
H3N2. It is suggested that the pandemic type of the inuenza virus, which features
the H1N1 proteins, is less prone to adhering to the membranes of the host cell or the
mucus. This might be a requirement for the virion to adjust to the structurally dierent
presentations of SA on the cell membranes of dierent hosts. Whether this is also true
for other strains of the inuenza virus may be investigated in further studies.
The dendritic ligand, which had been designed to match the spacing of ligand
binding domains of the HA, showed higher thermal stability on HA (H3N2) than its
monovalent counterpart and the dissociation rate was found to be on the order of three
to four monovalent ligands. This comes as a surprise, since it was shown in earlier
studies by Bhatia and colleagues that the functional endgroup of the multivalent ligand
most likely binds only two to three ligand binding domains [22]. Hence, it is assured
that the multivalent ligand interacts cooperatively. This was not the case on NA (H3N2)
and therefore the quantitative data illustrates that the enhancement of the binding
strength due to multivalent eects is not always favored through the simple increase
in active groups that are presented by the ligand. It is more likely that an optimized
interplay of numbers, geometry and exibility is required to strengthen a biomolecular
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Future research should focus on the characterization of the interaction potential of
further ligands, that will be designed to inhibit the IAV by binding to HA and NA. In
this sense, SFM based SMFS could be used as an inhibitory assay as it was done in
this thesis to prove the specicity of the unbinding events. Once well-dened arrays of
proteins or other biomolecules have been created, the strength and anity of various
ligands can be probed with the SFM at high throughput rates. Upcoming studies should
also focus on the dierences in binding kinetics between proteins of dierent viral strains,
since this can contribute to understanding the mechanisms of viral transmissibility and
drug resistance. This knowledge could then be used to quantify mechanical properties
of other biomolecules with high spatial precision, which will support medical research
and contribute to tackling the challenges posed by infectious diseases.
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